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ABSTRACT PAGE
Golf courses ostensibly offer green space in urbanized areas, but little is known about how 
these human-modified habitats affect survival of fledgling birds. The fledgling life stage is a 
vulnerable time for young birds, as they learn to fly and forage on their own. In 2008 and 
2009, I estimated postfledging survival of eastern bluebirds (Sialia sialis, n=156) through 
radio telemetry on golf courses and reference sites in Williamsburg, Virginia. The primary 
cause of mortality was hawk predation, but fledglings also suffered mortality due to 
starvation/disease, snake predation, window strikes and mammal predation. Despite the 
urbanized nature of my sites, I found no instances of domestic cat predation. Postfledging 
survival to 40 days averaged 65.4%. I compared survival between golf and reference sites 
using a Kaplan-Meier survival estimation, and found no difference in survival to 40 days 
postfledging between the two habitat types (x2=-0.111, p=0.739).
Because survival depends on many variables I also used information theory to evaluate 
support for biological covariates on survival estimates using Cox proportional hazard 
models. Covariates included year, golf/reference habitat, size-corrected prefledging mass, 
fledging date, and forest cover. For survival to 40 days postfledging, the model containing 
fledging date was the most supported, having the lowest AlCc score, and three times the 
weight of the second-best model. Three additional models containing fledging date were 
also supported (AAlCc <2). Model-averaged parameter estimates indicated that a one-day 
delay in fledging date was associated with a 1.7% decrease in the hazard of death before 
40 days (95% confidence interval: -0.033 to -0.001). This seasonal difference may have 
been due to increased hawk predation earlier in the season when hawks were provisioning 
their young.
Models for survival to 10-days postfledging differed from those for 40-day survival, 
predicting that both fledging date and forest cover around the nest box influenced survival. 
A one-day delay in fledging date was associated with a 2.94% reduction in the hazard of 
death and a 1% increase in forest cover around the nest box also was associated with a 
2.91% decrease in the hazard of death. This microhabitat-level influence of forest cover 
was also supported by a post-hoc vegetation structure analysis, comparing boxes where a 
fledgling was predated by a hawk before 10 days postfledging to one where the fledgling 
survived to 20 days postfledging. Boxes where the fledgling survived had significantly 
higher forest cover than those where the fledgling was predated (paired t-test, t=3.348, 
p=0.0003). While all fledglings may be affected by early-season hawk predation, fledglings 
on golf courses did no worse than those in structurally similar habitats that lacked intensive 
use of pesticides. This study set out to test the hypothesis that fledgling birds on golf 
courses would experience lower survival due to pesticide exposure and other effects of 
intensive management. In fact, fledglings survived no worse on golf courses. On all 
habitats I discovered that hawk predation was an important source of fledgling mortality, 
and because this happened early in the season, later-fledged nests had greater success. 
Management of golf courses or other habitats that reduces forest cover around nests will 
likely increase the likelihood of fledgling mortality.
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INTRODUCTION
1.0 Urbanization as a Conservation Issue
Development of rural areas results in a loss of habitat for many native wildlife 
species. As cities expand, suburbs sprawl, and lands are converted to human agricultural 
and recreational use, w ildlife is forced to move to other natural areas, adapt to 
development, or perish. While nature preserves have been set aside to conserve some 
w ildlife habitat, natural land is lost to development faster than it is set aside for 
conservation purposes (McKinney 2002). Most current development results in sprawling 
suburbs with moderate impacts over maximal area, meaning that habitat free of human 
disturbance is expected to be increasingly hard to find (McKinney 2002). As disturbance 
becomes the norm for many areas, it is important to document the response of wildlife 
species to human habitat modification. For instance, when avian diversity is compared 
across an urban gradient (from natural land to city), simple indices o f avian diversity 
remain constant, but the species that compose the assemblages often change from 
native and rare species in natural areas, to non-native and common species in cities 
(Blair 1996).
To combat the loss of habitat due to development, man-made habitats have
been created or restored to mimic specific natural environments, such as wetlands or
prairies (Morrison 2009). These efforts, while effective on a small scale, are expensive to
implement and require land to be set aside solely for preservation, which is often not an
option in rapidly developing areas. While conservation of natural land is the best
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possible solution, ecologists must also consider options that merge a certain level of 
human disturbance with habitat conservation. City parks and public beaches, for 
example, include habitat that is used by both humans and w ildlife w ith varying degrees 
of success.
1.1 Golf Courses: Green Space in an Urbanizing Landscape?
A golf course, nestled in suburban housing and shopping developments, offers 
green space as an ostensible replacement habitat for wildlife, while also providing for 
human recreation. However, high levels of human disturbance, pesticide use, and 
habitat alteration could be potential hindrances to local biodiversity. Because of these 
factors, golf courses are not considered natural habitats. Along an urban gradient from 
nature preserve to business district, golf courses were placed between open space and 
residential communities (Blair 1996). While golf courses are not exactly "natural" they 
can rival the habitat features of parks, backyards, farms and military reserves as an 
integral part o f the current landscape mosaic (Terman 1997). Golf courses are a "better 
than nothing" option in highly urbanized areas and subsequently may function as 
natural refuges depending on the rarity of natural landscape in the area.
Golf courses are becoming increasingly prevalent in the United States and 
around the world. Golf courses are big (averaging 54 hectares) and numerous (over
23,000 in the United States) and therefore make up a significant proportion of land 
cover (Terman 1997; Golf courses of the U.S. 2009). It is important to understand how
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wildlife fares on golf courses. Important research in the field of golf courses falls into 
three main categories:
1) Effect of golf course pesticides on wildlife;
2) Effect of golf courses on biodiversity; and
3) Effect of golf courses on reproductive success.
Below I discuss the findings in each of these fields.
2.0 Effects of Pesticides on Wildlife
Golf courses typically use organophosphorus and carbamate insecticides that 
have a relatively short persistence time in the environment (Rainwater et al. 1995). 
Despite their short persistence, these pesticides are acutely toxic to w ildlife that 
encounter the pesticide before it degrades (Walker 2003). Birds, usually the most visible 
residents of golf courses, can be affected by heavy pesticide use. While there has been 
some research on this exposure on golf courses, the impact of golf course pesticides on 
avian populations is not well understood and effects must be extrapolated from dosing 
studies or studies in other environments.
2.1 Route of Exposure in Birds
There is evidence that birds foraging on fairways of golf courses are exposed to
pesticides directly after application (Rainwater et al. 1995). Prey items collected from
the turfgrass also carried pesticide residues, but birds would have to consume prey in
high quantities to experience any negative effects (Rainwater et al. 1995). It is possible
for grazing birds to consume the pesticides directly from the turf, thereby receiving
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much higher doses, especially when long-lasting insecticide granules are used. Irrigation
after an application of granule pesticides helped to wash the chemical closer to the
roots, out of reach of most grazers. However, researchers found that granules left on
fairways were still likely to be eaten by birds, even after irrigation, as the grass was so
short that the granules did not wash out of the grazing range (Erbach et al. 1996).
2.2 Effect of Pesticides on Birds
Pesticides can affect birds along two routes, either from direct exposure, such as
death or increased risk of predation, or indirectly from starvation due to reduction in
the prey base (Walker 2003).
Direct effect o f exposure to pesticides
Little is known about whether the birds living on golf courses are routinely
exposed to pesticides (Burdge 2008b). However, even if birds living on golf courses do
not suffer direct mortality due to pesticides, dosing studies have shown numerous sub-
lethal effects of intoxication on behavior by the types of pesticides used on golf courses
(Walker 2003). Because pesticides can interfere with neuronal activity, one side effect is
increased risk of predation because birds exposed to pesticides are not as active or alert
(Galindo et al. 1985; Fryday et al. 1995; Fryday et al. 1996). Organophosphorus
pesticides have been implicated in causing captive birds to spend more time under
cover (Fryday et al. 1996). In another study, as organophosphorus dose increased,
bobwhite quail {Colinus virginianus) moved less and were more likely to be caught by a
domestic cat (Galindo et al. 1985). Golf course habitat could confound both of these
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effects, as much of the cover is removed on golf courses and therefore birds may be 
even more susceptible to predation.
Indirect effect o f exposure to pesticides
Pesticides may exert their effect on birds indirectly by decreasing the prey base. 
In an agricultural landscape, arthropod abundance was decreased due to pesticides so 
that the usual seasonal insect increase, which enables birds to provision their nestlings, 
did not occur (Hart et al. 2006). In another agricultural study, pesticides effectively 
reduced the prey availability, which led to decreased nestling condition and subsequent 
decrease in nest survival (Brickie et al. 2000). While some studies have attempted to 
quantify prey availability through pitfall trapping (Stanback and Seifert 2005) and 
provisioning rate estimates (Burdge 2008a), there have been no comprehensive studies 
that document whether the avian prey base is reduced by pesticides.
3.0 W hat is a Good Comparison to a Golf Course?
In order to understand the effects of golf course land management practices, it is 
important to have a suitable point of reference for comparisons. It seems pertinent to 
compare the golf course habitat to whatever would be available for wildlife in that area 
w ithout the golf course there. However, this is extremely variable on a site-by-site basis, 
making it hard to produce generalized conclusions. For example, golf courses developed 
on reclaimed-mine sites, landfills and eroded-developed lands offer a more positive 
change in biodiversity than those carved out of old growth forest (Terman 1997).
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In the United States, golf courses can be compared to adjacent natural areas, as
they often replace native vegetation (Terman 1997). The same is true for golfing
communities in South Africa, where conservationists are also concerned with the
destruction of the native flora for construction of golf courses (Fox and Hockey 2007).
Golf courses have been compared to hayfields, old fields and pastures (Stanback and
Seifert 2005) but also to parks and campuses that have similar landscape structure to
golf courses but do not use pesticides (LeClerc et al. 2005).
In highly developed areas, such as the United Kingdom, golf courses have been
compared to the farmland that they usually replace (Tanner and Gange 2005). In Japan,
golf courses can offer the only green space around urban centers and so have been
compared to highly urbanized areas (Yasuda and Koike 2006). In the southwestern
United States, irrigated golf courses were compared to surrounding desert, as the desert
reflects the habitat available to birds in the area before the golf course was built
(Merola-Zwartjes and DeLong 2005). All of these studies justified the ir choice of
reference site, but the variability remains a problem for any sort o f meta-analysis.
4.0 Studies of the Effect of Golf Courses on Biodiversity
Golf courses have repeatedly sampled for biodiversity as these estimates are
easy to obtain and give an indication of how many species can be supported by the site
(Cristol and Rodewald 2005). Biodiversity on a golf course is often compared to a
reference site to see how the golf course compares to other habitats. There is no
general consensus on the ability of all golf courses to maintain biodiversity as golf
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courses have exhibited both positive and negative influences on biodiversity relative to 
reference sites. This could be related to the variability in what constitutes a reference 
site for a golf course, as discussed previously. Nonetheless, the literature shows 
variation in terms of a golf course's ability to maintain biodiversity, which will be 
discussed in the following sections.
4.1 Comparing Biodiversity: When Golf Courses are Good for Biodiversity
Golf courses become progressively better for biodiversity w ith increasing scarcity 
of suitable habitat in the area. When comparing golf courses to agriculture, golf courses 
supported greater diversity of birds, ground beetles and bumblebees compared to 
adjacent farmland (Tanner and Gange 2005). Biodiversity increased w ith tree diversity, 
indicating habitat homogeneity on farmland may be the cause of its low species 
diversity (Tanner and Gange 2005). Golf courses in England have been touted as the 
best representation of historic native plant communities, such as heathland (Green 
1987). Similarly, golf courses in urbanized areas of Japan offer forest and other natural 
habitat that cannot be found in surrounding areas, making them a refuge for many 
displaced species (Yasuda and Koike 2006).
In general, the more natural the golf course, the higher the biodiversity. 
"Naturalistic" golf courses retain many of the original landscape features of the area, 
incorporating native vegetation and habitat types (prairie in the Great Plains, wetlands 
in the Atlantic coastal plain) (Terman 1997). Arguably, "naturalistic" golf courses—with
7
native vegetation and unmanicured out-of-play areas—have biodiversity estimates that 
rival adjacent natural areas (Terman 1997).
4.2 Comparing Biodiversity: When Golf Courses are Bad for Biodiversity
While the previous studies highlight examples of golf courses with positive 
impacts on biodiversity, there are numerous opposing studies that detail the negative 
impacts of golf courses. For example, along an urban gradient, golf courses were found 
to have only 40% of the avian species present in a predevelopment community (Blair
1996). In Virginia, golf courses did not offer more habitat to birds of conservation 
concern than land set aside for residential or agricultural use (LeClerc and Cristol 2005). 
Similarly, bird diversity and abundance was lower on golf courses in South Africa's Cape 
Floristic Region than the surrounding natural area (Fox and Hockey 2007).
4.3 Variation in Biodiversity
These biodiversity estimates are complex and are best understood on multiple
scales: 1) within golf courses (variation w ithin an individual golf course) 2) between golf
courses (difference between distinct golf courses) and 3) considering surroundings (golf
courses being affected by the surrounding landscape).
Within go lf course variation in biodiversity
W ithin an individual golf course, biodiversity may be supported in some areas,
while not in others. The out-of-play areas of golf courses supported more plant,
arthropod, and vertebrate diversity than tu rf vegetation (Yasuda and Koike 2006). The
tu rf vegetation is often avoided by birds; though it comprises up to 75% of the surveyed
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habitat on golf courses it contained less than half of the species recorded (Moul and 
Elliot 1994). It is the areas not frequented by golfers, such as water, hedgerows and 
woods, that supported the highest diversity of birds (Moul and Elliot 1994). Individual 
species can be attracted to very specific features of the golf course; red-headed 
woodpeckers (Melanerpes erthrocephalus) nested in standing dead trees and burrowing 
owls (Athene cunicularia) occupied burrows in non-maintained areas of the course 
(Rodewald et al. 2005; Smith et al. 2005).
Between go lf course variation in biodiversity
Habitat structure and biodiversity can vary between different golf courses. While 
not considered the norm, larger golf courses with more out of play area are touted for 
their conservation capacity (McDonough and Paton 2007). Even within the realm of 
average-sized golf courses, there is variation in landscape features that affects 
biodiversity. Across many studies, golf course species diversity is predicted by the 
amount of forest cover in its design, as courses with higher forest cover can support 
higher diversity of bird species (Gordon et al. 2003; Jones et al. 2005; LeClerc and Cristol 
2005; Sorace and Visentin 2006). Species richness can also be negatively affected by 
increasing the amount of development on the golf course (Gordon et al. 2003). Jones et 
al. (2005) found more neotropical migrants and more species of conservation concern 
on golf courses w ith less altered habitats. Similarly, the diversity of species found on golf 
courses is affected by the level of development on the course, with woodland species
9
found on golf courses having less development, and urban adaptable species found on 
more developed courses (Gordon et al. 2003).
Effect o f surrounding landscape on biodiversity
When considering the effect of the surrounding landscape, courses in more 
urban settings typically contain a prevalence of urban adaptable species (Yasuda and 
Koike 2006). Biodiversity across multiple species of birds, reptiles, mammals and 
amphibians was affected by the surrounding landscape, such as amount of adjacent 
development, native vegetation and number of connecting streams (Hodgkison 2007). 
Natural land cover buffers such as forests, riparian zones, and open water created 
habitat heterogeneity and increased species diversity in Ohio (Porter et al. 2005). 
Residential buffers are particularly bad for the bird community, which is relevant in light 
o f the current trend of building housing developments around golf courses (Porter et al. 
2005). In a desert environment, golf courses can act as an artificial riparian habitat, 
resulting in an influx of species to the golf course relative to the surrounding 
environment (Merola-Zwartjes and DeLong 2005). Similarly, golf courses that offer 
forest in areas of high urbanization become a refuge for some species (Sorace and 
Visentin 2006).
4.4 Limitations of Biodiversity Research
Overwhelmingly, golf course research has focused on avian diversity as it is easy
to quantify and birds are popular subjects of study. However, knowing if birds are using
golf courses does not reveal whether birds are able to reproduce successfully. Species
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diversity alone cannot show whether the birds are using the area for nesting and 
reproduction, a critical endpoint of habitat use. This is especially important for species 
of conservation concern whose populations are declining, such as the red-headed 
woodpecker and burrowing owl (Rodewald et al. 2005; Smith et al. 2005). Endangered 
ortolan buntings (Emberizo hortulana) in Norway had much reduced pairing success and 
shorter residence times (probably due to emigration) at golf course interiors compared 
to control areas. Because of these reproductive disadvantages, the population became 
extinct on the golf course within a decade (Dale 2004). A study of biodiversity alone 
would not have been able to capture this information, highlighting how important it is 
to not just determine if birds are using golf course habitat, but also if they are thriving 
and reproducing there.
5.0 Effect of Golf Courses on Reproductive Success
Nesting success has been used as a proxy for total reproductive success of birds 
nesting on golf courses. Data have shown that birds use golf courses as replacement 
habitat and successfully reproduce, with varying degrees of success. In a one-year study 
in Virginia, eastern bluebirds {Sialia sialis) on golf courses laid more eggs and fledged 
more chicks per box than reference sites (LeClerc et al. 2005). These birds also appeared 
to be in better body condition than those on reference sites. However, a six-year study 
on eastern bluebirds in North Carolina showed a later clutch initiation date, decrease in 
number of eggs laid and reduced nestling condition on golf courses compared to
reference sites (Stanback and Seifert 2005).
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6.0 Managing Golf Courses for Avian Reproductive Success
Recommendations for improving bird habitat on golf courses vary by species and 
region but typically involve leaving courses as natural as possible. Red-headed 
woodpeckers prefer golf courses w ith standing dead trees or dead limbs, a fairly simple 
recommendation if golf course managers are receptive (Rodewald et al. 2005). 
Burrowing owls prefer burrows in non-maintained areas, as sprinklers and human 
disturbance can disrupt their nesting (Smith et al. 2005). Consideration for human 
disturbance is important, as golf tournaments can cause an influx of people during 
sensitive nesting periods. Nest desertion can be avoided by placing nest boxes away 
from expected high traffic areas (Holliman 1997).
7.0 Where Data are Lacking
Reproductive success data have been confined to a few species with relatively
accessible nests, especially those that use artificial nesting opportunities (burrowing
owl, Smith et al. 2005; eastern bluebird, LeClerc et al. 2005; Stanback and Seifert 2005).
While this information will help us understand how these particular species are affected
by the golf course, the results are difficult to generalize to species of conservation
concern that do not use protected artificial nest cavities. For tree- or ground-nesting
species, nest predation can be a major obstacle to achieving nesting success and so
previous work on nesting success cannot be applied to these groups. Most interestingly
for my study, all researchers have assumed similar fledgling survival rates between golf
course and reference sites and so consider the nesting success indicative of overall
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reproductive success. However, the environment that the bird enters upon leaving the 
nest heavily impacts its survival. For instance, many golf courses spray pesticides late in 
the season, after most nesting is complete but fledglings are still learning survival skills 
(Burdge 2008a).
8.0 The Fledgling Life Stage
The fledgling life stage is not well understood in general, and totally 
undocumented when it comes to golf course habitat. Comprehensive studies on 
fledgling survival have been lacking in the literature, as it has been historically hard to 
obtain good survivorship estimates for these birds that often have no fixed home ranges 
or territories. Early studies relied on resighting individuals to estimate survival, which is 
inherently biased by researcher effort and success (Krementz et al. 1989; Sullivan 1989). 
W ith the invention of radio transmitters that can be safely carried by small passerines, 
much of this bias is alleviated, as all individuals can be found more consistently.
Fledgling studies have increased dramatically in the last 5 to 10 years (Brown and Roth 
2004; Cohen and Lindell 2004; Yackel-Adams et al. 2006; Berkeley et al. 2007; Suedkamp 
Wells et al. 2007; Rush and Stutchbury 2008; W hittaker and Marzluff 2009). A brief 
review of the current literature will follow, to illustrate the importance of understanding 
the fledgling life stage and gaps in knowledge.
8.1 Causes of Fledgling Mortality
For yellow-eyed juncos (Junco phaeonotus), high fledgling m ortality after leaving
the nest was the result of predation while a second mortality peak following
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independence was the result of starvation (Sullivan 1989). Predation remains a large 
source of mortality in most current telemetry studies (Anders et al. 1997; Naef-Daenzer 
et al. 2001; Cohen and Lindell 2004; Suedkamp Wells et al. 2007; Wightman 2009). 
Predation rates can be as high as 0.506 in the eight weeks after fledging (Anders et al.
1997). Predation pressure can be so high later in the season that it has been implicated 
in selection for early breeding (Naef-Daenzer et al. 2001).
Though predation was assumed as a major cause of death based on early 
resighting-based studies, the advent of safe radio-telemetry allowed causes of mortality 
to be more successfully documented. In most species of passerines, the fledglings are 
weak flyers at the time of fledgling and so are easy targets for a variety of predators. 
Avian predation by raptors is often characterized as a leading cause of mortality (Anders 
et al. 1997; Naef-Daenzer et al. 2001; Yackel-Adams et al. 2001; Cohen and Lindell 2004; 
W hittaker and Marzluff 2009). Other avian predators (jays, ravens, woodpeckers) are 
sometimes cited (Naef-Daenzer et al. 2001; Wightman 2009). Snake predation has also 
occurred in multiple studies (Anders et al. 1997; Yackel-Adams et al. 2001) and seems to 
be a major cause of mortality for ground nesting/ground foraging birds (Suedkamp 
Wells et al. 2007). Some studies have detected mammalian predation, mostly by eastern 
chipmunks and occasionally by domestic cats, domestic dogs, raccoons, and martens 
(Anders et al. 1997; Naef-Daenzer et al. 2001; Yackel-Adams et al. 2001; Kershner et al. 
2004; W hittaker and Marzluff 2009).
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8.2 Passerine Fledgling Survival Estimates
Studies have shown that postfledgling survival may be much lower than 
expected. In one of the first studies of fledgling survival, Sullivan estimated that 11% of 
fledgling yellow-eyed juncos survived their first year (1989). Survival of lark buntings 
(Calamospizo melanocorys) in the first three weeks postfledging rivaled estimates for 
tota l first year mortality; only 36.7% survived three weeks, while most studies cite 30% 
survival in the entire first year (Yackel-Adams et al. 2006). Survival estimates vary widely 
across geographic locations w ithin the same species. For example, one study of 
dickcissels (Spiza omericono) in eastern Nebraska and western Iowa documented 33% 
survival to four weeks postfledging (Berkeley et al. 2007) while another found 56% 
survival for a time period twice that length (8 weeks) in Missouri (Suedkamp Wells et al. 
2007). Other estimates are more consistent; eastern meadowlarks (Sturnella magna) in 
Illinois were estimated to have between 56% and 69% survival in the first 90 days 
postfledging in one study and 63% survival to 72 days in another (Kershner et al. 2004; 
Suedkamp Wells et al. 2007). A summary of fledgling survival studies indicates high 
variation (Table 1).
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8.3 Predictors of Fledgling Survival
Predictors of survival vary between study species and location, but the most 
commonly tested predictors are body condition, fledging date, habitat and 
environmental variables.
Predictor: Prefledging body condition
While "body condition" is a vague term, almost all studies try  to take into 
account variation in fledgling mass as a predictor of fledgling survival, w ith the general 
assumption that greater mass means better health and higher survival. Body condition 
has been determined in various ways, including considering mass alone (Krementz et al. 
1989; Naef-Daenzer et al. 2001; Berkeley et al. 2007; Suedkamp Wells et al. 2007), 
nestling rank (Anders et al. 1997; Yackel-Adams et al. 2006) or a combination of tarsus, 
wing length and mass measurements (Davies and Restani 2006).
In grassland birds (eastern meadowlarks and dickcissels), prefledging body mass 
was the best predictor of survival (Suedkamp Wells et al. 2007). In dickcissels a lg  
increase in body mass was associated w ith a 3% decrease in the risk of death, while 
eastern meadowlarks were similar with lg  of body mass alleviating the risk of death by 
2% (Suedkamp Wells et al. 2007).
These body condition metrics are often tied to temporal or environmental
variables. Conditions can select for both early fledging (ostensibly to fledge before the
peak predator abundance) and heavy birds (to be in better condition for survival outside
of the nest) (Krementz et al. 1989; Naef-Daenzer et al. 2001). For instance, European
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starling (Sturnus vulgaris) fledglings had the highest survival in an early fledgling/heavy 
weight group and lowest survival in a late fledging/light weight group (Krementz et al. 
1989). In other cases, body condition only became important when tied to an 
environmental variable, like a drought. In a drought year, nestling rank predicted 
survival, w ith nestlings of higher rank having higher survival rates (Yackel-Adams et al. 
2006). There is some evidence that being heavy for a given size may be detrimental to 
survival in areas with heavy hawk predation. Heavier birds are not as fast and cannot 
maneuver away from predators as quickly as leaner birds (Adriaensen et al. 1998). 
Though there is such variation in studies that look at body condition as a predictor of 
survival, prefledging condition remains an important aspect of fledgling survival.
Though some studies have failed to show a correlation between mass and survival
(Anders et al. 1997), many studies do not take into account fledgling condition at all
(Cohen and Lindell 2004; King et al. 2006; Schmidt et al. 2008; W hittaker and Marzluff
2009). Ignoring body condition is inherently handicapping these studies, as condition
has been shown to be a good predictor of survival, and may be a strong predictor of
who lives and who dies.
Predictor: Fledging date
Seasonal variation in survival can be interpreted by considering fledging date as a
predictor. Survival of great and coal tits varied seasonally, with birds fledging later in the
season suffering from much higher mortality than those that fledged early (Verboven
and Visser 1998; Naef-Daenzer et al. 2001). This selection for early fledging date was
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constrained by low food availability during early nesting attempts (Naef-Daenzer et al. 
2001). Wood thrushes, on the other hand, had similar survival rates throughout the 
season (Anders et al. 1997). There is some support for the selection of the optimal 
fledging date to vary between years, with some years selecting for early fledging, and 
some years selecting for late fledging (Monros et al. 2002).
Predictor: Habitat
Habitat is an important determinant of fledging survival (Cohen and Lindell 2004). In
an agricultural landscape, white-throated thrush fledgling survival differed between
adjacent but structurally dissimilar habitats. Birds that fledged from nests in coffee
plantations suffered significantly higher m ortality than those that fledged from nests in
cow pastures. Authors cited the manicured nature of the coffee plants allowing for
increased hawk predation as the mechanism for this difference (Cohen and Lindell
2004). Habitat structure also affected dickcissel fledglings, as survival was higher in
habitats with a more dense association of forbs around the nest (Berkeley et al. 2007).
Rush and Stutchbury (2008) found no differences in fledgling survival between large and
small forest fragments, but did observe that fledglings used much more structurally
complex/dense habitat than what their parents would use. Fledging ovenbirds used
different habitat than their parents, seeking out habitat w ith fewer trees and more
vegetation structure 0-3m above the ground (King et al. 2006). Not only were they
choosing the more complex structure, but survival increased with increasing vegetation
structure (King et al. 2006). Habitat can also be linked to body condition and fledgling
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survival, as fledgling Florida scrub-jays (Aphelocomo coerulescens) in oak scrub had
better nutritional condition (estimated through ptilochronology) and higher recruitment
(Grubb et al. 1998).
Few studies have looked at fledgling survival in an urbanized or created
landscape. Researchers tracking four different species in an urban environment
(American robin, Swainson's thrush, song sparrow, and spotted towhee) found a large
amount of variation in survival between species but did not link survival to the
attributes of the urban habitat itself (Whittaker and Marzluff 2009).
Predictor: Environmental factors
In some cases, large-scale environmental changes can affect the survival of
fledglings. For grassland lark buntings, drought intensity became a major predictor of
survival, as years w ith drought conditions produced lower survival (Yackel-Adams et al.
2006). Year-to-year variation in weather and biological variables, such as low acorn
production, has been linked to a decrease in small mammal abundance, and
consequently lower wood thrush fledgling survival. A decrease in small mammal
abundance caused the raptor population to switch from a primarily mammal diet to a
primarily avian diet (such as wood thrush fledglings), leading to reduced fledgling
survival (Schmidt et al. 2008).
8.4 Modeling Fledgling Survival
Studies have attempted to determine what factors influence fledgling survival by
using information theory (Yackel-Adams et al. 2001; Suedkamp Wells et al. 2007). These
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approaches have the advantage of being able to take into account multiple relevant 
factors and rank models that best fit the data. Through these approaches, researchers 
have been able to tease apart differences in survival due to biological factors such as 
pre-fledging mass (Suedkamp Wells et al. 2007) and environmental factors such as 
drought intensity (Yackel-Adams et al. 2001).
8.5 Fledgling Survival Effect on Population Dynamics
Survival during the fledgling life stage is gaining attention for its role in overall 
population dynamics. For wood thrushes, the meta-population dynamics were driven 
not by nesting success, but through changes in fledgling survival. High fledgling mortality 
in an area caused areas previously considered to contain source populations to be re­
evaluated as sink populations (Anders et al. 1997). Though fledgling survival varied with 
small mammal abundance and raptor predation, nesting success was not as variable 
(Schmidt et al. 2008). Similarly, higher than expected rates of fledgling mortality are 
potentially implicated in neotropical migrant declines (Rush and Stutchbury 2008).
8.6 Fledgling Movements
Survival is extremely important to study, because post-fledging survival can have 
major implications for the population dynamics and influence conservation decisions. 
However, because telemetry studies allow researchers to track birds over the course of 
their development, many interesting findings lie ahead in the fairly novel field of 
fledgling movement and habitat use.
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Both white-throated thrush and eastern meadowlark fledglings generally
remained in natal territories while being fed by their parents and then gradually moved
farther away as they gain independence (Cohen and Lindell 2004; Kershner et al. 2004).
Movements before independence may be correlated to the behavior of the attending
parent, as the fledglings will remain w ith a parent that stays near the nest, or move with
a parent that moves away from the nest (Yackel-Adams et al. 2006). Movements will
likely not be directed to a future breeding site, but instead to a habitat that will satisfy
the fledgling's needs. Eastern meadowlarks spent time in agricultural habitats, unlike
any that adults use to breed in, which may be because of increased prey abundance on
those sites (Kershner et al. 2004). Wood thrush movements were generally not directed,
but could sometimes be classified as either stationary or drifting, with different
characteristics o f each (White and Faaborg 2008). In the longer term, Siberian jay
(Perisoreus infaustus) fledglings have been shown to delay dispersal over several years
in order to vie for high quality breeding locations in their natal territory, instead of
dispersing to low quality locations for their first breeding attempts (Ekman et al. 2001).
For several migratory species in Europe, post-fledgling exploration may be an important
determinant in how far the bird will end up traveling in its lifetime (Baker 1993).
8.7 Fledgling Home Range Size
Though distances moved by fledglings are useful to understand movements,
space use is better understood through an analysis of home ranges. Few studies
attempt to analyze fledgling home range size, as it is complicated to analyze in fledglings
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because they usually do not set up or defend a territory. However, home range analysis
can be extremely useful in understanding how the fledglings use their space. Wood
thrushes set up multiple disjunct dispersal areas, complicating calculation of home
ranges (Anders et al. 1998; White and Faaborg 2008). Home range is also complicated
by wide variation between years and between individuals (Suedkamp Wells et al. 2008).
While studies with large sample sizes employ a fixed kernel technique for determining
home range (Whittaker and Marzluff 2009), other studies consider a simpler minimum
convex polygon as the best estimate (Anders et al. 1998).
8.8 Fledgling Habitat Use
In some studies, fledglings have been shown to use different habitat than
expected based on the habitat use patterns of the adults (Anders et al. 1998; Marshall
et al. 2003). For example, many mature forest species had juveniles that moved to
regenerating clearcuts (early successional forests) (Marshall et al. 2003). Hooded
warbler fledglings were observed using more structurally complex habitat than that
used by their parents for nesting (Rush and Stutchbury 2008). Wood thrushes also
disperse from their natal territories in mature oak-hickory forests to early/mid-
successional and riparian forests, meaning conservation for wood thrushes and other
neotropical migrants must include setting aside a patchwork of mature and early
successional forest types (Anders et al. 1998). Cohen and Lindell hypothesize that
pasture habitat cues act as a trigger to encourage fledgling white-throated thrushes to
disperse into the forest (where presumably there is more cover). Living in a created
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agricultural landscape may confound the usual cues, as birds that fledge in coffee 
plantations do not move away from this habitat (which may appear like forest) but 
suffer higher m ortality (Cohen and Lindell 2004). Wood thrushes in California use 
habitat predicted by an optimal foraging hypothesis, as they seem to be selecting for 
habitat high in fru it abundance (White et al. 2005). Alternatively, in other studies, 
dickcissel fledglings appear to be constrained to remain in the same habitat as their 
parents (Berkeley et al. 2007).
9.0 Tying it Together: Bluebirds, Fledglings, Pesticides, and Golf Courses
All fledglings face a high risk of predation, but birds growing up on golf courses 
have the added difficulty of dealing with the effects of pesticides, which are widely used 
on turfgrass. Birds were attracted to insects, such as mole crickets, that surfaced after 
pesticide treatments (Brewer et al. 1988). As the pesticides used exert their influence 
over the target species (invertebrates living in the grass), these insects may become 
easier to catch and handle (Walker 2003). In that case, inefficient foragers, such as 
fledglings, may concentrate their efforts on these intoxicated insects, potentially 
increasing the amount of pesticide that they ingest.
If the fledglings are exposed to pesticides, there is little  knowledge about how 
this could affect their survival. The only study to gather information on postfledging 
survival and pesticide exposure failed to find higher postfledging mortality in European 
starlings exposed to pesticides as nestlings. After the initial mortality of 18.5% of the
nestlings in the nest, there were no continuing survival differences (Stromborg et al.
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1988). Though ostensibly a fledgling survival study, this experiment did not mimic what 
fledglings on a golf course would experience. Though nestlings may be "dosed" by their 
parents while in the nest, they also potentially could continue to be exposed once they 
fledge. This pesticide exposure during an already sensitive time in fledgling survival may 
cause major increases in fledgling mortality.
Starvation has been implicated as another cause of death in fledglings, and 
pesticide use could decrease the prey base on golf courses and increase the likelihood of 
starvation. If pesticide-induced prey reduction hinders the amount of food that parents 
can find to feed their nestlings, it follows that fledglings, which are not yet proficient 
foragers, will have even more difficulty finding sufficient food items. Even as much as 
two weeks after leaving the nest, eastern bluebird fledglings are only 50% as efficient in 
collecting prey as their parents feeding at the same time (Gowaty and Plissner 1998).
Studies of adult foraging efficiencies have shown that parents provision their
young at similar rates irrespective of prey availability on a low or high quality habitat
(Tremblay et al. 2005). These researchers have found that adults must forage further
from the nest when situated on low-quality habitats. While parents seem to be able to
compensate for this food reduction, how do fledglings compensate? Bluebirds have
fidelity to the natal habitat where they were born, but have some flexibility in expanding
the ir home range (Gowaty and Plissner 1998). If bluebirds hatched on golf courses do
not disperse away from their natal habitat, they may be forced to increase their home
range size to compensate for decreased prey availability. Both dispersing linearly away
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from the natal site and increasing the home range (amount o f space in all directions) are 
risky endeavors for fledglings. If they are forced to do so, they may suffer higher 
m ortality due to encountering more predators or expending more calories.
10.0 Specific Objectives
I compared the rate and causes of fledgling mortality for eastern bluebirds 
between golf course and reference sites in Williamsburg, Virginia. To obtain these data, I 
used radio telemetry to track a subset of eastern bluebird fledglings during the summers 
of 2008 and 2009.
The survivorship data were initially compared between golf course and reference 
residents using a Kaplan-Meier survival estimation. Because survival can be influenced 
by many variables, in addition to natal habitat, and fledglings often strayed from golf 
course into surrounding habitats, I also used the Cox proportional hazards model to 
analyze fledgling survival based on a suite of biological factors, including hatching on a 
golf course site, size-corrected prefledging mass, fledging date, year, and amount of 
forest cover. I used an information theoretic approach to test which of a set of 17 
candidate models best predicted survival.
Movement data were quantified in terms of home range size differences and 
distance moved away from the nest box. These metrics were compared across natal 
habitat (golf or reference), sex and date.
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METHODS 
1.0 Study Species: Eastern Bluebird (Sialia sialis)
The eastern bluebird is a secondary cavity nesting passerine that readily nests in 
edge habitat. Secondary cavity nesters do not excavate the ir own nest cavities, but 
instead use natural cavities in dead trees or cavities already made by other species. 
Eastern bluebirds readily nest in man-made nest boxes and can be attracted to an area 
by the addition of nest boxes. In the summer, their diet consists primarily of insects, 
which they catch through perch and dive tactics (Gowaty and Plissner 1998). Preferred 
foraging sites include short grass w ith exposed perches from which to  forage. Eastern 
bluebirds were chosen as a study species because they are numerous on golf course and 
reference sites in the Williamsburg, Virginia area and they feed directly on the ground, 
thus exposing themselves directly to pesticides and other aspects of tu rf management.
2.0 Study Sites
As part of a larger demographic study, eastern bluebird nesting success has been 
followed on sites in the Williamsburg area since 2003. This study used three golf course 
sites and four reference sites selected from the larger study. Sites were selected to be 
representative of different habitat structure and for reliable access during the intensive 
monitoring of this study. The nest boxes at all the sites, though of varying designs, are 
models approved by the North American Bluebird Society (North American Bluebird 
Society website). Appendix A includes aerial photos of nest box locations w ithin each 
site.
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Golf Course Site: Kiskiack Golf Course (Fig. A - l)
Kiskiack Golf Course (abbreviated KISK) is an 18-hole, privately-owned club in 
Williamsburg, VA. It is bordered by agricultural fields and forest, with some residences 
located just past these buffers on all sides. There are 20 boxes at this site, all with 
predator guards.
Golf Course Site: Newport News Golf Course (Fig. A-2)
Newport News Golf Course (abbreviated NNGC) is owned by the city of Newport
News, w ith two 18-hole courses, the Cardinal Course and the Deer Run (a.k.a.
Championship) Course. The two courses are managed by the same superintendent and
have been considered one large site for the purposes of this study. NNGC is bordered by
a 2-lane highway, Newport News Park and Grafton Ponds Nature Preserve. There are
106 boxes at this site, which all contain predator guards. In 2009, only nest boxes on the
Cardinal Course were actively checked, banded and tracked due to logistic constraints.
Golf Course Site: Williamsburg Country Club (Fig. A-3)
Williamsburg Country Club (abbreviated WBCC) is a privately-owned club. It is
bordered by 6-lane highway, a two-lane road, an amusement park (Busch Gardens), and
a housing development. In 2008, construction was started on two large golf
condominiums adjacent to the golf course. In 2009, the course and grounds were put
under an extensive renovation. Over the course of the summer, all parts of the course
were excavated for new irrigation, then reshaped and reseeded. There were 19 boxes at
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this site in 2008 and the beginning of 2009, but construction reduced the number of
boxes to 15 by the end of 2009. In 2008, the original club-owned boxes at WBCC were
replaced with boxes constructed for this study with predator guards.
Reference Site: College o f William and Mary Campus (Fig. A-4)
The campus of William and Mary (abbreviated CAMP) is in the center of
downtown Williamsburg. It is bounded by busy two-lane roads (Richmond Rd. and
Jamestown Rd.), a small lake (Lake Matoaka) and a forested area (the College Woods).
There are 44 boxes, w ith predator guards, located throughout the campus, ranging from
wooded areas to open lawns beside dorms, cafeterias, and academic buildings.
Reference Site: Newport News Park (Fig. A-5)
Newport News Park (abbreviated NNPK) is owned by the city of Newport News
and is bounded by a 4-lane and a 2-lane road, housing developments, and parts of
Grafton Ponds Nature Preserve. The boxes here are independently owned and
monitored by members of the Hampton Roads Bird Club. There are 39 boxes with
predator guards, located throughout an 18-hole disc golf course, along various other
park roads and around the visitor's center.
Reference Site: New Quarter Park (Fig. A-6)
New Quarter Park (abbreviated NQPK) is owned by York County and is bordered
by the Queen's Lake residential community, Camp Peary (CIA training facility) and
Cheatham Annex (U.S. Navy). It contains an 18-hole disc golf course, baseball field and
extensive trails. Boxes are located in large grassy areas along the main entrance road
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and along another road leading to Queens Creek. There are 13 boxes that all have 
predator guards.
Reference Site: York River State Park (Fig. A-6)
York River State Park (abbreviated YRSP) is a protected area owned by the state 
of Virginia. It is bordered by York River on one side and sparse residences on the others. 
It is extensively forested, and boxes are placed in some of the few grassy areas, 
including along the main road, around the visitors center and down a bridle path. There 
are 38 boxes at the sites, some constructed for this study, others privately owned, but 
all w ith predator guards.
3.0 Nest Monitoring
All nest boxes were checked at each site at least weekly to determine nesting 
success. Nest stage, number of eggs or nestlings and age of nestlings were recorded at 
each check. Through these checks, I determined clutch initiation date, clutch size, hatch 
date, brood size, fledging date, and number of fledglings. Nests were classified as 
successfully fledged if, after Day 17, there was feces in the nest cup and no evidence of 
disturbance. The nest was classified as failed if nestlings were found dead in the nest 
box, the box was empty and free of feces before a possible date of fledging (likely snake 
predation) or the nest was destroyed (likely mammal predation).
4.0 Nestling Measurement and Banding
In 2008, all nestlings were measured twice, first at approximately day 7 and
second at approximately day 14. At the first measurement, all nestlings were banded
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with a U.S. Geological Survey metal band. At the second measurement, all nestlings 
were banded with a unique combination of three plastic color bands (Perler Bead 
Company, Reading PA). In 2009, all nestlings were banded, color banded and measured 
at approximately day 14 only.
At each measurement, nestling wing and mass were recorded. Unflattened wing 
chord was measured to the nearest 0.1 millimeter using dial calipers. Mass was 
recorded to the nearest 0.1 gram using a digital scale.
5.0 Transmitter Attachment
I attached radio transmitters on approximately day 14-16, when the nestlings 
were approaching fledging mass. Any nestling weighing less than 26g was excluded to 
keep the transm itter weight less than approximately 5% body weight, as generally 
recommended (Caccamise and Hedin 1985). Of the remaining nestlings, one was 
selected for transm itter attachment using a random numbers table. After attachment, 
nestlings were returned to the nest box and allowed to fledge naturally (usually 2-4 days 
later).
Nests were sampled throughout the field season, w ith care taken to sample both
first and second clutches, as transm itter availability allowed. Transmitters were also
distributed approximately evenly over the sites, so that I tracked approximately the
same number of birds at all sites. When a transm itter was recovered that had not been
activated for more than 10 days, it was reassigned to a new fledgling. In 2008,1 did not
track any boxes in the second clutch that had been tracked during the first, in an effort
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to not resample the same pairs of parents. In 2009, I tracked from many of the same 
boxes that were tracked in 2008, and also reused some boxes between the first and 
second clutch. This reuse of boxes was due to a need for increased sample size in 2009, 
and the fact that I observed pairs switching nest boxes w ithin the season, indicating that 
there was a high probability of re-sampling parents even when not re-sampling nest 
boxes.
5.1 Transmitter Harnesses
A transm itter was attached to each nestling using a figure-8 elastic loop harness 
over the legs to rest on the synsacrum and thereby not interfere with flight (Fig. 1). In 
2008, the harness was made solely of elastic beading cord (with the outer polyester 
sheath removed) (Hirschberg and Schutz & Co., Inc., Union, N.J.). The harness was 
constructed and attached to the transm itter w ith ethyl cyanoacrylate (Krazy Glue™, 
Columbus, OH, Fig. 2). In 2009,1 decided to implement a new harness design that 
incorporated cotton thread that was more likely to degrade and fall off. The harness was 
made from a single strand of elastic beading thread (with cover removed), but included 
a "breakaway" link (2mm) of 100% cotton locker hooking tw ine (M.C.G. Textiles, Chino, 
CA). This was fused to the elastic thread with ethyl cyanoacrylate. With multiple weak 
points at attachment sites and faster degrading cotton thread, these harnesses are 
more likely to fall o ff before the w inter (Fig. 3).
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Figure 1. Diagram of transm itter attachment on bird for both years. 
Figure-8 harness is looped over both legs with the transm itter resting on 
synsacrum and antenna extending out over tail feathers.
Figure 2. Transmitter harness style in 2008. Figure-8 harness was made 
from one continuous piece of elastic beading string, secured in the 
middle w ith ethyl cyanoacrylate.
Figure 3. Transmitter harness style in 2009. Figure-8 harness was made 
from one continuous strand of elastic beading string (black line) and one 
link of cotton locker hooking tw ine (white line), secured to each other 
and to the transm itter by ethyl cyanoacrylate.
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5.2 Transmitter Sizes
Two sizes of transmitters were used in 2008: 0.9g and 1.25g (Model BD-2,
Holohil Systems, Ltd, Carp, Ontario), with a battery life of 50 and 70 days, respectively. 
W ith harness, these transmitters weighed approximately l.Og and 1.35g, which is close 
to 5% of the birds' body weight, as recommended (Caccamise and Hedin 1985). In 2009, 
only 0.9g transmitters were used, with a final weight of 1.1 to 1.2g with improved 
breakaway harness. Each transm itter had a frequency between 150.820 and 152.659 
Mhz.
6.0 Radio Telemetry
After fledgling, birds were tracked using a folding 3-element Yagi antenna 
(Advanced Telemetry Systems, Isanti, MN) and a handheld receiver (Model R1000, 143- 
174 Mhz, Communication Specialists, Inc., Orange, CA). I searched for each transm itter 
approximately every other day throughout the season. At each search, the tracked 
fledgling was marked as dead or alive and a global positioning systems (GPS) data point 
was taken with a Garmin® eTrex Vista handheld GPS unit (Garmin, Inc., Olathe, KS), 
along with notes on the habitat type that the bird occupied. All GPS data points were 
taken to 5m precision or better.
6.1 Tracking Assumptions
Because fledglings were not resighted every day, some assumptions had to be
made in terms of date of fledging and date of mortality. I chose to allow for the longest
fledgling period possible (so all mortality estimates would be conservative).
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The tracking assumptions were:
•  Postfledging day 1 (fledging day) is the day after the last check at which the fledgling 
was in the nest (i.e. if a bird was in the box on 1 May, and out of the box on 3 May, 
postfledgling day 1 was assumed to be 2 May), w ith one exception (below).
•  If the fledgling was found obviously to have just fledged (i.e. was sitting on the 
ground near the nest box), postfledging day 1 was recorded as that day.
•  When a bird was found dead, mortality was assumed to have occurred on that day.
6.2 Resighting Assumptions
Considerable effort was taken to sight the fledgling with the transmitter, but 
occasionally fledglings were assumed to be alive w ithout direct sighting. In these cases, 
birds were only assumed alive if one of the following occurred: (1) fledgling calls were 
heard in the area and the transm itter signal obviously moved from tree to tree, (2) 
signal was not moving high in a tree but fledgling calls could be heard from the treetops 
or (3) parents were seen actively bringing food to the area in which the signal was 
located.
M orta lity was assumed only if the transm itter was recovered with signs of
predation, which usually included recovering feathers, legs, bands or beak marks on the
transm itter itself (hawk predation), recovering the body intact and still attached to the
transm itter (not predated), recovering a snake that had ingested the transm itter (along
with the fledgling), or recovering the body in pieces (mammal predation).
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6.3 Tracking Protocol
Tracking always started from the last known location of the fledgling. If the 
signal was detected, the bird was then followed on foot or in golf cart. The GPS point 
taken was the location where the bird was first sighted. However, sighting sometimes 
took time and fledglings would potentially move based on our presence. In these cases, I 
took a GPS point at the location where the signal first indicated that the bird was 
located, and then followed the bird until I obtained a visual. Though birds moved based 
on my presence within the visit, their day-to-day movements did not appear to be 
affected by tracking, most likely because they all lived in areas w ith relatively high levels 
of human traffic and so were not disturbed by my presence.
If no signal was heard in this area, search was expanded in a generally circular 
pattern, first on foot or golf cart and then, if necessary, in a car. For car tracking, I drove 
on all roads adjacent to the original site, and then slowly expanded into more remote 
locations. For every lost bird, this car-tracking protocol was followed for at least one 
hour.
6.4 Daily Routine
I tracked at three to four sites per day, in order to check every fledgling every
other day. Tracking usually occurred between 0600 and 1600, but sometimes as late as
2000, depending on how many birds had to be tracked that day and how quickly
tracking progressed. I generally randomized order of site visits to attempt to sample
birds at different times of the day. This was not always possible during busy golf seasons
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(June-July), when the golf courses preferred that I arrive before the golfers. During these 
times, I was forced to track at golf sites every morning. For the most part, I did not 
observe variation of habitat use during times of the day. Birds were less active during 
the middle of the day, but in similar locations to when I came during the morning 
(personal observation).
Most tracking involved a two-person team, where one person would listen to the 
receiver and monitor direction of the transm itter signal while the other was free to 
visually sight fledglings in the area. Using two people resulted in much faster tracking 
times for each bird and higher success at obtaining a visual of the tracked fledgling.
7.0 Statistical Analysis: Survival Estimation
Statistical analysis was completed using PASW statistical software (PASW 
GradPack, Version 17.0; SPSS, Inc., Chicago, IL), except where indicated.
7.1 Kaplan Meier Survival Estimation
Fledgling survivorship was first estimated using a Kaplan-Meier survival 
estimation, followed by a Mantel-Cox log rank test to compare birds that fledged from 
golf and reference habitats. Though birds were tracked to 70 days in 2008, sample size 
was low at the older ages so data were truncated at 40 days to allow for the largest 
sample size possible. Because many birds left their natal habitat (including switching 
between golf course and reference habitats) at some point w ithin the 40-day tracking 
period, I also compared the birds during their first 10 days only, when they were more
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likely to be affected by the conditions at their original nest site. Kaplan-Meier estimates
were also used to compare the two years of the study and the two transm itter weights.
7.2 Cox Proportional Hazards Models
Because the Kaplan-Meier survival estimator only tests for differences in survival
based on one variable at a time (i.e. golf and reference habitat), I decided to do further
analysis that included covariates simultaneously. This is particularly important because
fledglings frequently left golf courses and so a univariate analysis based only on habitat
type was not sufficient. The Cox proportional hazard model allows for inclusion of many
biologically relevant covariates, and indicates how much the variable in question
impacts the risk of death at any given time. The Cox proportional hazards model for
survival to 40 days postfledging was run using the COXPH function in Program R (R
Development Core Team). The 10-day survival was analyzed separately because this was
the time period when fledglings were constrained to their natal habitat so the golf
versus reference dichotomy would be most relevant. The covariates included in each
modeling process are discussed below.
Covariate: habitat type (golf)
This covariate essentially uses the same dichotomy as the Kaplan-Meier survival
estimation, w ith golf sites coded as 1 and reference sites coded as 0. This covariate can
be most simply understood as the effect of insecticides, because that is the main
difference between all golf course sites (use some sort of insecticides) and all reference
sites (use no insecticides). Because some of the reference sites (i.e. disc golf courses)
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structurally resemble golf course habitat closely, and all resembled them somewhat, this 
covariate does reflect gross structural differences between golf and reference sites. 
Covariate: interannual variation (year)
Yearly variation is known to occur w ithin many biological systems. Because I 
wanted to account for yearly differences, but had no predictions for how year might 
affect fledgling survival, year (2008 or 2009) appears in every candidate model. The 
year-only model is considered the null model.
Covariate: size-corrected prefledging mass (cond)
All nestlings were measured between day 14 and 16, when the growth curve for 
eastern bluebird nestlings had leveled o ff (i.e. increasing wing length w ithout much 
change in mass). I therefore chose to use size-corrected mass as a proxy for prefledging 
body condition. Using all nestlings measured at the seven sites, I regressed mass in 
grams on wing chord length for each year separately. The residuals from the overall 
regression for the each year were stored and used as the individual condition score for 
each tracked fledgling.
Covariate: fledging date (fledgedate)
To account for variability between years in terms of fledging dates, ordinal dates 
of fledging were calculated with respect to the first clutch initiation date of the season.
In 2008, day 1 was 31 March and in 2009 it was 7 April. This variable accounts for 
seasonal differences in food availability and predation pressure and the use of ordinal
dates corrects for interannual differences in onset of spring.
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Covoriote: forest habitat
The amount of forest cover surrounding a golf course has been shown to 
increase bird diversity, so that golf courses w ith more forest more closely replicate 
native habitat (Gordon et al. 2003; Jones et al. 2005; LeClerc and Cristol 2005; Sorace 
and Visentin 2006). In eastern Virginia, the native habitat is primarily forest, so any 
deviation from this can be considered to be development (either residential impervious 
surface, lawn or agriculture). Forest cover was therefore used as a proxy for undisturbed 
habitat. It is important to note that bluebirds are an edge species, so would not be 
expected to inhabit the intact forest; rather the absence of forest is serving as an index 
of human habitat disturbance.
Covariate fo r  40-day survival: forest habitat a t the scale o f fledgling territory (siteforest)
For the 40 day postfledging analysis, the forest variable was quantified as
percent forest cover in a 302m-radius buffer around each nest box. This radius was
chosen because 95% of all fledgling tracking locations obtained before 40 days fell
w ithin this distance and thus it is a biologically relevant distance to assume that the
fledglings would explore. The percent forest cover in this buffer was determined using
digitized aerial photos in ArcGIS (see digitizing methods below).
Covariate fo r  10-day survival: habitat at the scale o f natal territory (boxforest)
For 10-day survival, instead of a home range scale forest cover measure, I chose
to buffer the boxes at a scale relevant to the first few days out of the nest box—a 25m
radius circle. This distance was selected based on vegetation surveys that indicated that
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25m was the average distance to the closest tree fo r most nest boxes (Froneberger, 
unpublished data).
7.3 Akaike's Information Criterion
To choose between many competing models, I used an information theoretic 
approach: Akaike's Information Criterion corrected for small sample sizes (AICc). This 
analysis was also completed in R, w ith R script for AICc modeling provided by George W. 
Gilchrist.
7.4 Candidate Cox Proportional Hazards Models
Candidate models for the information theoretic approach were selected based 
on the possible biological effects shown in Table 2 (40-day survival) and Table 3 (10-day 
survival). Year is included in every model because it is a random variable w ith no 
predictive power. The model containing year alone is considered the null model. More 
complex interactions were not included in the candidate model set, as there is little 
biological explanation for a saturated model.
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Table 2. Candidate Cox proportional hazard models for eastern bluebird survival to 40 
days postfledging. The candidate model, number of parameters (K) and biological 
hypothesis are shown.
Candidate model K Hypothesis
year 2 null, effect of yearly variation
year + golf 3 effect of pesticides
year + cond 3 effect of body condition
year + siteforest 3 effect of habitat development
year + fledgedate 3 effect of seasonal food abundance and predation
year + golf + cond 4 effect of pesticides and condition
year + golf + cond + golf*cond 5 effect of pesticides and condition with interaction
year + golf + siteforest 4 effect of pesticides and habitat development
year + golf + siteforest + golf*siteforest 5 effect of pesticides and habitat development with 
interaction
year + golf + fledgedate 4 effect of pesticides and seasonal food abundance and 
predation
year + golf +fledgedate + golf*fledgedate 5 effect of pesticides and seasonal food abundance and 
predation with interaction
year + cond + siteforest 4 effect of condition and habitat development
year + cond + siteforest + cond*habitat 5 effect of condition and habitat development with 
interaction
year + cond + fledgedate 4 effect of condition and seasonal food abundance and 
predation
year + cond + fledgedate + 5 effect of condition and seasonal food abundance and
cond*fledgedate predation with interaction
year + siteforest + fledgedate 4 effect of habitat development and seasonal food 
abundance and predation
year + siteforest + fledgedate + 5 effect of habitat development and seasonal food
siteforest*fledgedate abundance and predation with interaction
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Table 3. Candidate Cox proportional hazard models for eastern bluebird survival to 10 
days postfledging. The candidate model, number of parameters (K) and biological 
hypothesis are shown.
Candidate model K Hypothesis
year 2 null, effect of yearly variation
year + golf 3 effect of pesticides
year + cond 3 effect of body condition
year + boxforest 3 effect of forest cover around nestbox
year + fledgedate 3 effect of seasonal food abundance and predation
year + golf + cond 4 effect of pesticides and condition
year + golf + cond + golf*cond 5 effect of pesticides and condition with interaction
year + golf + boxforest 4 effect of pesticides and forest cover around 
nestbox
year + golf + boxforest + golf*boxforest 5 effect of pesticides and forest cover around 
nestbox with interaction
year + golf + fledgedate 4 effect of pesticides and seasonal food abundance 
and predation
year + golf +fledgedate + golf*fledgedate 5 effect of pesticides and seasonal food abundance 
and predation with interaction
year + cond + boxforest 4 effect of condition and forest cover around nestbox
year + cond + boxforest + cond*habitat 5 effect of condition and forest cover around nestbox 
with interaction
year + cond + fledgedate 4 effect of condition and seasonal food abundance 
and predation
year + cond + fledgedate + cond*fledgedate 5 effect of condition and seasonal food abundance 
and predation with interaction
year + boxforest + fledgedate 4 effect of forest cover around nestbox and seasonal 
food abundance and predation
year + boxforest + fledgedate + 
boxforest*fledgedate
5 effect of forest cover around nestbox and seasonal 
food abundance and predation with interaction
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7.5 Model Averaging
Beta estimates were averaged based on the model weights to create a model- 
averaged estimate of each (see equations in Appendix B). Variance and 95% confidence 
intervals were also averaged for each beta across all models (Mitchell 2008).
8.0 Digitizing Habitat Types
ArcGIS Version 9.3 was used to digitize aerial photographs of the study sites into 
vector polygon datasets based on habitat type (ESRI, Inc., Redlands, CA). Because the 
National Land Cover Data was last updated in 2001, I chose to digitize more recent aerial 
photos, rather than using outdated land cover data. I used the newest aerial photos of 
Williamsburg, but these were from 2007 and so still are not exactly accurate to what the 
habitat was like in 2008 and 2009. In the majority of areas, the photos were digitized 
strictly, except for instances where major landscape changes had occurred before the 
2008 field season but after the photo was taken (i.e. addition of condominiums and 
parking lots replacing forest surrounding the Williamsburg Country Club). In these cases,
I digitized according to what the birds would have experienced in each year, estimating 
the general size and shape of the new structures by comparing GPS points and other 
structures found in the photos to ground-truthed observations. A legend of habitat 
types and images of the digitized sites are found in Appendix C. Land cover types were 
classified as described below.
Impervious surface (imperv)
The impervious surface category includes buildings, roads, and gravel paths/lots.
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Barren (barren)
The barren category includes surfaces that were mostly dirt or sand (and therefore 
permeable) but did not support any grass growth. This includes sand traps, dirt paths, 
and baseball fields.
Forest (forest)
Forest included all trees that have an unmowed forest floor, leaving debris, 
shrub, and cover below canopy. Trees were digitized to the extent of their canopy cover 
in summer.
Manicured forest (forest_man)
Manicured forest included trees that grew from mowed ground. This category 
includes ornamental trees, such as crape myrtles, on lawns. The two forest categories 
could usually be distinguished by the aerial photo alone, but I also was able to ground 
tru th  visually during the field season. FOREST and FOREST_MAN were grouped together 
in determining percent forest cover estimates.
Tall grass (grass_tall)
Grass that extended above 0.3 m tall during the summer and usually was left 
completely unmowed for the majority o f the summer.
Mowed grass (grass_mow)
Grass that was mowed on a regular basis to keep it always approximately 0.1 m 
tall (i.e. most parks, campuses, lawns)
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Manicured grass (grass_man)
Grass that was extensively mowed so that it never grew taller than 2 cm (only found 
on golf courses). This category was further broken into groups for greens and tees. 
Water (water)
The water category included ponds, rivers, and streams.
Wetlands (wetland)
The wetland category included marshes that contained no trees and were 
consistently flooded during the breeding season, either by tides or by creek flooding. 
Shrub (shrub)
Shrub included small bushes that provided cover low to ground.
Cropland (crop)
All crops were lumped together in this category, as they often changed
throughout the summer, but usually involved tall row crops (corn and soybeans).
9.0 Hawk Predation Vegetation Analysis
To compare differences in vegetation around boxes that produced broods that
were predated by hawks during the first 10 days after fledging, as opposed to those that
survived more than 20 days, I paired each the territory around each predated nest box
with an unpredated reference territo ry from the same site. The average number of days
between fledging dates of paired boxes was 7.8 (range 0-33) and the average distance
between the paired boxes was 533.9 meters (range 162.5m-1258.2m). I chose a 25-m
buffer around each nest box to encompass at least some forest cover at most sites. The
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percent forest cover in the 25-m buffer around the paired boxes was compared using a 
paired t-test.
10.0 Movement Metrics
Male and female eastern bluebirds may have differential dispersal behavior, with 
males dispersing further from their natal sites than females (Gowaty and Plissner 1998). 
Dispersal behavior may also differ between fledglings from early and late clutches, with 
early clutches forced to move away from the nest more quickly than later clutches. 
Because of this, I examined the effects of sex and date, as well as habitat (golf or 
reference) on movement.
10.1 Distance Moved Away from Natal Nest Box
Nest box locations were taken with a Trimble handheld GPS unit (Trimble, Inc., 
Sunnyvale, CA) that is capable of close to 1-m precision. Distance from the box each day 
was analyzed for each GPS point using the Hawth's Tools extension for ArcGIS. This 
distance was linked back to the age (postfledging) that each bird was on the day the 
point was taken.
Distances were binned into 5-day blocks of time. Multiple distances in the same 
bin for the same fledgling were averaged so that each interval contained only one 
distance for each individual fledgling. These distances were compared between golf and 
reference, males and females, and early and late clutches.
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10.2 Home Range Size
Using the GPS points for each fledgling that survived to 40-days postfledging, 
home range size was estimated using a minimum convex polygon (Hawth's Tools) to 
connect all of the points (Fig. 4). Home range size was also compared between golf and 
reference sites, sex, and time in season (early versus late).
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Figure 4. Example of minimum convex polygons calculated from fledgling 
GPS points. Circles are GPS points of each fledgling (each fledgling is 
shown in a different color) and polygon surrounding outmost points is a 
minimum convex polygon, the estimate of home range size used in this 
study.
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RESULTS 
1.0 Radio-Tracked Fledglings
Over the two years of this study, I tracked 156 bluebird fledglings (2008, n=70, 
2009, n=86), approximately evenly distributed across the seven sites (Appendix D).
2.0 Distance Fledglings Moved Away from Natal Nest Box
Using the GPS points of each fledgling that was tracked, I determined the mean 
distance from the natal box for each fledgling during each time period (Fig. 5). I 
compiled all of these mean distances (up to 40 days postfledging) to determine that 95% 
of all fledgling movements before 40 days postfledging were within 302m of the nest 
box (Fig. 6). The remaining 5% of movements were outliers of birds that moved greater 
than 302m away. The maximum distance moved away from the nest box was 2858m.
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Figure 5. Average distance (per 5-day time block) moved by each fledgling 
away from its nest box, based on age (days) postfledging. Fledglings generally 
moved further away from their nest box as they get older, but were confined 
to w ithin approximately 100m in the first 10-15 days postfledging.
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Figure 6. Distances moved by fledglings away from natal nest box, up to 
40 days postfledging. Ninety-five percent of all movements fell within 
302m of the natal nest box (vertical line).
3.0 Cause of Fledgling Mortality
There were 57 documented mortality events, which fell into five categories: 
hawk predation, starvation/disease (not predated), snake predation, window strike, and 
apparent mammal predation (cannot rule out mammalian scavenging of bird killed by 
other cause) (Fig. 7). Hawk predation was the most common cause of death, with 33 out 
of 57 mortalities attributed to hawks. Hawk predation killed a higher proportion of 
young than older fledglings; out of 28 mortalities that occurred to birds that were 10 
days or younger, 21 were attributed to hawks (Fig. 8). Instances where I recovered the 
fledgling's body intact (starvation/disease) were the second most common cause of
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death. Starvation/disease became more prevalent in older fledglings; 13 out of 22 
mortalities after 20 days postfledging were attributed to starvation/disease (Fig. 8)
Category
■ golf 
Q  ref
Hawk Body Snake Window strike Mammal/
predated recovered predated scavenging
F le d g lin g  fa te
Figure 7. Causes of eastern bluebird fledgling mortality. There were 
roughly equal proportions of each type of m ortality across golf course 
and reference sites.
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■ hawk predation
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□  SNAKE PREDATED 
SBW1NDOW STRIKE
2010 30 40 50
Age postfledging (days)
Figure 8. Cause of mortality by age postfledging. More m ortality occurred 
in young birds, and the majority of this mortality was due to hawk 
predation. Hawk predation became rarer as the fledglings aged, and 
death due to starvation/disease appeared to increase.
4.0 Kaplan-Meier survival estimation
4.1 Kaplan-Meier Survival to 40 days postfledging
For all bluebird fledglings in both years, 65.4% survived to 40-days postfledging 
(Fig. 9). In 2008, when survival to 40-days postfledging was compared between golf and 
reference birds, reference birds had a higher average survival (reference: 78.8%, golf: 
67.6%), though this difference was not statistically significant (Mantel-Cox log rank test, 
^=1.397, p=0.237, Fig. 10). However, this trend did not repeat when I replicated the 
study with an increased sample size in 2009 (reference: 55.8% to 40 days, golf: 62.8% 
survival to 40 days Mantel-Cox log rank test, ;^=0.270, p=0.603, Fig. 11). The two years
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combined reveal no difference between golf survival and reference survival (65.0% 
versus 65.8%, respectively) (Mantel-Cox log rank test, =0.111, p=0.739, Fig. 12).
Age postfledging (days)
Figure 9. Kaplan-Meier survival estimation for eastern bluebird fledglings 
tracked in 2008 and 2009.
Category
-J - IG O IF
-'"REF
\
' H
Log rank Mantel-Cox test (CM-square=1.397, p=0.237)
Age postfledging (days)
Figure 10. Kaplan-Meier survival estimation to 40 days postfledging in 
2008 only, comparing fledglings from nests on golf course and reference 
sites.
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Log rank Mantel-Cox test {Chi-square=0.270, p =0.603)
o 10 20 30 40
Age postfledging (days)
Figure 11. Kaplan-Meier survival estimation to 40 days postfledging in 
2009 only, comparing fledglings from nests on golf course and reference 
sites.
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Log rank Mantet-Cox test (Cht-square=0.111, p =0.739)
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Age postfledging (days)
Figure 12. Kaplan-Meier survival estimation to 40 days postfledging in 
2008 and 2009 combined, comparing fledglings from nests on golf course 
and reference sites.
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4.2 Kaplan-Meier Survival to 10 days postfledging
When considering survival, the most notable difference between 2008 and 2009 
occurred during the early fledgling period (before 10 days postfledging). In 2008, golf 
course residents had lower survival in the first 10 days postfledging than reference birds 
(golf: 75.7%, reference: 93.9%, Mantel-Cox log rank test, =4.186, p=0.041, Fig. 13). 
However, in 2009, there was no significant difference between golf (81.4%) and 
reference birds (79.1%) during this period (Mantel-Cox log rank test, =0.116, p=0.734, 
Fig. 14). When the two years were combined, there was no difference in early survival 
(to 10 days postfledging) between golf and reference (Mantel-Cox log rank test,
=1.130, p=0.288, Fig. 15).
C ateg ory
-JTIGOLF
0.55“
•••'-REF
5 aso-
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log rank Mantel-Cox test {Chi-squar^-4.186, p =0.041)
0 70-
1 1 ■ ........
0 2 4 6 8 10
Age postfledging (days)
Figure 13. Kaplan-Meier survival estimation to 10 days postfledging in 
2008, comparing fledglings from nests on golf course and reference sites.
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Category
-H G O LF
•*?'-REF
Log rank Mantet-Cox test (Chi-square=0.116, p =0.7314)
o 2 6 8 104
Age postfledging (days)
Figure 14. Kaplan-Meier survival estimation to 10 days postfledging in 
2009, comparing fledglings from nests on golf course and reference sites.
Log rank Mantel-Cox test (Chi-square=1.130, p=0.2S8)
8 100 2 4 6
Age postfledging (days)
Figure 15. Kaplan-Meier survival estimation to 10 days postfledging in 
2008 and 2009 combined, comparing fledglings from nests on golf course 
and reference sites.
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4.3 Kaplan-Meier Survival to 40 days postfledging, comparison between years
Fledglings had a greater likelihood of survival in 2008 (72.9% survival to 40 days) 
than in 2009 (59.3% survival to 40 days), however the apparent difference was not 
significant (Mantel-Cox log rank test, ^=2.887, p=0.089, Fig. 16).
tog rank Mantet-Cox test (Chi-square=2.887, p=0.089)
20
Age postfledging (days)
o 10 30 40
Figure 16. Kaplan-Meier survival estimation for fledglings tracked to 40 
days postfledging, comparing between 2008 and 2009.
4.4 Kaplan-Meier Survival to 40 days postfledging, w ith lost birds reclassified as deaths
When estimating survivorship with the Kaplan-Meier procedure I chose to
censor any birds that were lost before 40 days postfledging, instead of considering them
as mortalities. There were 18 of these censored cases in the two years of the study,
roughly distributed across the sites (Table 4). Two of the censored birds were never
located outside of the box, and so did not appear in any previous survival estimates,
while the remaining 16 were censored at different ages when their signal was lost (Fig.
57
17). To test how survival would change if these censored birds were considered deaths, I 
ran Kaplan-Meier analyses with the assumption that these missing birds had died. 
Including lost-but-unrecovered birds produced estimates that were lower (golf: 52.5%, 
reference: 53.8%), but golf and reference birds still did not differ (Mantel-Cox log rank 
test, =0.143, p=0.703, Fig. 18). The trend toward higher survival to 40 days in 2008 
persisted even when the missing birds were included (2008: 61.1%, 2009: 46.5%, 
Mantel-Cox log rank test, ^=2.609, p=0.106, Fig. 19).
Table 4. Number of lost/censored transmitters at each site.
Site Censored fledglings
CAMP
KISK
NNGC
NNPK
NQPK
WBCC
YRSP
1
3
1
3
4 
4 
2
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Category
—•""'GOLF 
—r 'REF
0  GOLF-censored 
OREF-censored
30 40
Age postfledging (days)
Figure 17. Kaplan-Meier survival estimation to 40 days postfledging 
showing when birds were censored due to signal loss. Circles indicate 
where birds went missing and were excluded from the data in the first 
analysis.
Category
-TIGOLF
•"'•REF
Age postfledging (days)
Figure 18. Kaplan-Meier survival estimation for fledglings tracked to 40 
days, comparing golf and reference birds, w ith fledglings lost before 40 
days considered deaths.
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Figure 19. Kaplan-Meier survival estimation to 40 days postfledging, 
comparing 2008 and 2009, with fledglings lost before 40 days 
postfledging considered deaths.
4.5 Kaplan-Meier to 40 days postfledging, comparison between transmitter classes
Because I used different transm itter sizes, I had the fortuitous opportunity to 
test whether different sizes of transmitters affected survival. Kaplan-Meier estimates 
between light (l.lg -1 .2g) and heavy (1.3g-1.4g) transmitters revealed no difference in 
survival to 40 days postfledging (Mantel-Cox log rank test, ;^=0.164, p=0.686, Fig. 20). 
Additionally, when re-doing this analysis to compare proportion of body mass rather 
than absolute mass, there was no difference between birds carrying proportionately 
heavier (4.01%-5.38%) versus proportionately lighter (2.98%-3.99%) transmitters 
(Mantel-Cox log rank test, ^=0.089, p=o.765, Fig. 21).
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Log rank Mantel-Cox test (Chi-square=0.164, p-0.686)
20
Age postfledging (days)
Figure 20. Kaplan-Meier survival estimation to 40 days postfledging, 
comparing birds w ith light transmitters ( l.l-1 .2g ) to birds with heavy 
transmitters (1.3-1.4g).
Percent body mass 
of transmitter
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•••'"Low (2-4%)
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Log rank Mantel-Cox test (Chi-tquare^0.089, p =0.765)
10 20 300 40
Age postfledging (days)
Figure 21. Kaplan-Meier survival estimation to 40 days postfledging, 
comparing birds where the transm itter made up a higher proportion of 
the nestling body mass (high: 4.01%-5.38%) compared to birds where the 
transm itter made up a lower proportion of the nestling body mass 
(2.98%-3.99%).
61
4.6 Kaplan-Meier to 40 days postfledging, comparison between sexes
There was no difference in survival between male and female fledglings in both 
years combined (Mantel-Cox log rank test, ^=0.173, p=0.677; Fig. 22).
g
1
3
2
3U
Age postfledging (days)
Figure 22. Kaplan-Meier survival estimation to 40 days postfledging, 
comparing between male and female fledglings.
5.0 Covariates for Cox Proportional Hazards Models
5.1 Covariate: Size-corrected prefledging mass
The regression of prefledging mass on wing chord is shown in Figure 23. The 
residuals from the regression of each year were stored separately and used as a 
condition measure for the Cox proportional hazards model. In both 2008 and 2009, golf 
course birds had higher residuals than reference birds (Fig. 24). Including residuals from 
both years, reference birds had residuals w ith a mean of -0.562 (lighter than average for
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the ir size), while golf course birds had residuals with a mean of 0.468 (heavier than 
average for their size) (Independent samples t-test, t=-7.885, p<0.001, Fig. 25).
There was site wide variation in body condition residuals, showing that most— 
but not all—golf course sites had higher than average condition residuals (Fig. 26). Not 
all sites showed the same condition trend year-to-year (Fig. 27). But while NNGC and 
YRSP showed reversed trends from 2008 to 2009, these sites had condition scores close 
to zero in both years, making a change from a positive to a negative condition score less 
biologically relevant.
Because, for logistical reasons, nestlings were used for transm itter attachment 
only if they were heavier than 26g on the day of banding, tracked fledglings were 
heavier for their size than the population in general (Fig. 28). This is important to note 
because, if condition before fledging contributes to survival, then it follows that I may 
have overestimated survival by om itting the smallest nestlings from the tracking study. 
Tracked fledglings fo llow  a similar trend between golf and reference as the rest o f the 
population; tracked fledglings on reference sites had residuals with a mean of -0.107, 
while tracked fledglings from golf courses had residuals with a mean of 0.845 
(Independent samples t-test, t=-3.643, p<0.001, Fig. 29).
Body condition declined later in the season (Fig 30). Though I maintained the 26g 
cut-off throughout the season, tracked fledglings maintained higher body condition 
residuals than the rest of the population, thus exhibiting a similar seasonal trend to the
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rest of the population, and indicating that my results were likely representative of the 
population (Fig. 31).
2008 regression R=0.063 2009 regression R*0.098
Wing length (mm)
O 2008
A 2009 
"^.2008
’"'■n.2009
Figure 23. Regression o f prefledging mass on wing chord fo r all nestlings in the 
study sites (measurements taken between day 13 and 16). Each year was treated 
separately in the regression analysis and residuals were used as a body condition 
index.
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Category
y
H
2008 2009
Year
Figure 24. Average size-corrected prefledging mass residuals, comparing 
between golf and reference sites for 2008 and 2009 separately. Golf 
course birds have higher residuals in both years.
O 1 0 -
n»503
r>-419
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- 10-
COLF REF
Category
Independent samples t-test (t= -7.885, p<0.001)
Figure 25. Average size-corrected prefledging mass residuals, comparing 
between golf and reference sites for 2008 and 2009 combined. Golf course 
nestlings had higher body condition scores than reference nestlings.
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Figure 26. Site specific differences in size-corrected prefledging mass (residual 
from  the regression of mass on wing chord). Bars below zero indicate birds that 
were light for their size while bars above zero indicate birds that were heavy for 
the ir size.
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Figure 27. Trends in body condition between 2008 and 2009 at each site. Bars 
below zero indicate birds that were light for their size while bars above zero 
indicate birds that were heavy for the ir size. Generally, sites showed the same 
trends in body condition between the two years.
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Figure 28. Regression of prefledging mass on wing chord, showing that tracked 
fledglings are typically heavier than the general population. Tracked fledglings 
are shown in red, the rest of the nestlings that were banded on the study sites 
are shown in black. Tracked fledglings generally were heavier for the ir size than 
the lower end of the population, because the tracking selection process only 
included nestlings that were greater than 26 grams.
Category
Independent samples t-test {t” -3.643, p<0,001)
Figure 29. Average size-corrected prefledging mass residuals for all radio-tracked 
fledglings, comparing between golf and reference sites. Tracked fledglings from 
golf courses had higher body condition residuals than those on reference sites.
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Figure 30. Relationship between date of banding and size-corrected prefledging 
mass residual. Body condition declined slightly later in the season.
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Julian date of banding (days since 1 Jan)
Status
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'"■h * Tracked
Figure 31. Relationship between date of banding and body condition residuals 
for birds that were tracked and those that were not tracked. The green line 
shows the best f it line for tracked fledglings, while the blue line shows the best 
f it  for all other fledglings. Though tracked birds consistently had higher residuals, 
this was constant throughout the season.
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5.2 Covariate: Fledging Dates
Broods were radio-tracked throughout the breeding season. Fledging date is 
reported as the ordinal day after the first clutch initiation date of the season. For 2008, 
clutch initiation started on 31 March and for 2009, clutch initiation started on 7 April. 
The fledging dates for all nests at my sites—calculated based on nest check schedules— 
show a bimodal distribution (Fig. 32). I assigned day 71 as the cut-off between early and 
late clutches, as it falls between the two peaks of fledging. Because of the difference in 
clutch initiation dates between the two years, Day 71 is 9 June in 2008 and 16 June in 
2009.
The individual fledging dates for the telemetry study (Fig. 33) vary somewhat 
from those that were based on nest check schedules (Fig. 32), as they were estimated 
by checking every other day, while the nest check schedule monitored boxes 
approximately every five days. Fledging dates for tracked fledglings correspond to the 
bimodal distribution of the bluebird nesting schedule, and I tracked roughly equal 
numbers of birds on golf and reference sites throughout the season (Fig. 33). M ortality 
occurred more often among early nests, as 43 out of 89 birds (48%) that fledged early 
(before day 71) died, while only 14 out of 67 birds (21%) that fledged after day 71 died. 
When compared using a Kaplan-Meier survival estimation, early birds had 44.9% 
mortality, while late birds had 20.9% mortality (Cox-Mantel log rank test, % =9.102, 
p=0.003, Fig. 34).
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Fledge date
Figure 32. Fledging dates of nests (both tracked and not tracked) at all sites in 
2008 and 2009. Fledging date is shown in days since the clutch initiation date 
(CID) of that year (2008 CID = 31 March; 2009 CID = 7 April). Vertical line 
indicates the cut-off between early and late clutches (day 71).
Fledge date
Figure 33. Fledging dates of tracked fledglings in both years combined. Vertical 
line shows the cut-off between early and late clutches (day 71). Roughly equal 
numbers of fledglings were tracked on golf course and reference sites 
throughout the season.
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Figure 34. Kaplan-Meier survival estimation to 40 days postfledging, comparing 
between early and late clutches.
5.3 Covariate: Forest Cover
Forest cover was sampled on two different scales, a 302-m circular buffer around 
each nest box ("territory-scale") and a 25-m circular buffer around each box ("nestbox- 
scale"). Because boxes were spaced approximately 100-m apart at most sites, there was 
overlap between the 302-m buffers, making the home range-level buffer for each box 
non-independent w ithin sites. However, average site differences are still informative 
(Fig. 35), with some reference sites (YRSP, NQPK) having much more forest cover and 
less grass than golf course sites (WBCC, KISK).
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Trends are different at the nest scale, where there was no overlap between 
buffers (Fig. 36). Golf courses appear to have had more forest cover than some 
reference sites. There is a lot of variation in where the boxes were placed w ithin the site 
compared to what the territory-level buffer offered (Fig. 35 compared to Fig. 36). For 
most sites, boxes were placed in areas w ith disproportionately greater amounts of grass 
than what was available at a site. This was because researchers selected box locations 
based on their knowledge of the bluebirds' preference for edge habitat.
Because forest cover has been considered an important determinant in golf 
course avian diversity, I chose to look at this habitat type more carefully. At the 
territory-level, reference sites had higher proportions of forest cover compared to golf 
courses (Fig. 37). However, at the box-scale, many of the reference sites with high 
proportions of forest cover actually had very little  w ithin the sampling buffers of the 
nest boxes (i.e. YRSP and NQPK; Fig. 38). This is again a sign that boxes for bluebirds 
were selectively placed in areas of high human disturbance, i.e. in mowed areas in 
otherwise forested landscapes.
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Coif courses Reference sites
KISK NNGC WBCC CAMP n NPK NQPK YRSP
■ fo res t Dgrass
■impervious B other
Figure 35. Proportion of average habitat types in territory-level (302m) buffer for each 
site. Each slice shows the average percent of each habitat type at each box tracked in a 
302-m buffer around the nest box. "Forest" refers to forest and manicured forest 
habitat types. "Grass" refers to mowed grass, manicured grass, and tall grass habitat 
types. "Impervious" refers to both impervious surface and barren land. "O ther" groups 
together shrub, water, wetlands, and cropland.
Golf courses____________ ■  Reference sites
» I * I
KISK N N G C  W BCC C A M P  N N P K  NQ PK YRSP
■forest Dgrass
■impervious Dother
Figure 36. Proportion of average habitat types in box-level (25m) buffer for each site. 
Each slice shows the average percent of each habitat type at each box tracked in a 25-m 
buffer around the nest box. "Forest" refers to forest and manicured forest habitat types. 
"Grass" refers to mowed grass, manicured grass, and tall grass habitat types. 
"Impervious" refers to both impervious surface and barren land. "O ther" groups 
together shrub, water, wetlands, and cropland.
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Figure 37. Average percent forest cover in a territory-level (302m) buffer 
at each site. Bars shown in blue are reference sites and bars shown in red 
are golf course sites.
1 1 1 
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Figure 38. Average percent forest cover in a box-scale (25m) buffer at 
each site. Bars shown in blue are reference sites and bars shown in red 
are golf course sites.
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6.0 Cox Proportional Hazards Model
6.1 Model Comparison Results, to 40 days postfledging
Using a set of 17 models (Table 2), seven models had AAICc scores less than 4 
(Table 5). The top ranked model (year + fledgedate) had a rank of 0.376, meaning it 
accounts for not even half of the variation in survival and there is probably meaningful 
information in the models ranked below it. All of the seven top-ranked models include 
fledgedate and fledgedate is a strong predictor in each of them. The results for each 
covariate are shown individually in Appendix E. Fledgedate is the only covariate that has 
an effect on survival in all of the candidate models (based on the fact that the 
confidence interval for this parameter does not overlap zero).
Using a model averaging approach allowed me to compile information in each of 
the models, weighted based on the model probability (Table 6). While many of the 
parameters had confidence intervals that overlapped zero, the confidence intervals for 
fledgedate again did not overlap zero and so therefore was most likely a significant 
predictor.
Beta estimate directions
Beta estimates for each covariate are shown graphically in Figure 39. When the
beta estimates were averaged across all models, fledgedate remained the only covariate
that had a 95% confidence interval not overlapping zero (Table 6). The beta estimate of
-0.017 indicates that for every one day later a bird fledged, the instantaneous hazard of
death decreased by 1.7%. For birds that lay two clutches a season (and so had a large
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amount of variation in fledging date), this could mean major differences in survival, as a 
30-day difference would translate into a 50% decrease in the hazard of death. I tracked 
fledglings w ith fledge dates ranging from 38 to 137 days after the first clutch initiation of 
the year, indicating that that there is considerable time and therefore considerable 
difference in survival between early and late fledging birds.
Year also appears to have affected survival, with the confidence interval for year 
only slightly overlapping zero (Fig. 39). The positive direction (0.451) indicates that birds 
fledged in 2009 had about a 45% higher hazard of death than those that fledged in 
2008.
Table 5. AICc ranking of models fo r survival to 40 days postfledging. K is the number of 
parameters in the model (including error term). AAICc is the scaled AICc, w ith the AICc 
of the top ranked model =513.552. W, is the Akaike weight for the model.
M odel K AAICc Wi
year + fledgedate 3 0 0.37589382
year + cond + fledgedate 4 2.019 0.13697366
year + fledgedate + siteforest 4 2.027 0.13643277
year + golf +fledgedate 4 2.106 0.13112549
year + golf + fledgedate + golf*fledgedate 5 3.282 0.07284226
year + cond + fledgedate + cond*fledgedate 5 3.747 0.05772669
year + fledgedate + siteforest + fledgedate*siteforest 5 3.794 0.05639113
Year 2 6.898 0.01194339
year + cond 3 8.735 0.0047673
year + golf 3 8.896 0.00439887
year + siteforest 3 8.913 0.00436056
year + cond + siteforest 4 10.795 0.00170237
year + golf + cond 4 10.802 0.00169629
year + golf + siteforest 4 10.986 0.0015469
year + golf + siteforest + golf*siteforest 5 11.862 0.00099844
year + cond + siteforest + cond*siteforest 5 12.847 0.00060992
year + golf + cond + golf* cond 5 12.913 0.00059014
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Table 6. Model-averaged beta estimates for 40-day survival. The 95% confidence 
interval for fledgedate did not overlap zero, while the 95% confidence interval for year 
overlapped year slightly.
Covariate
M odel-averaged  
beta estim ate
M odel-averaged  
standard error
Lower 
95% Cl
Upper 
95% Cl
year 0.4512 0.2865 -0.1104 1.0127
golf -0.0505 0.3080 -0.6543 0.5532
cond 0.0116 0.0654 -0.1165 0.1397
fledgedate -0.0171 0.0083 -0.0333 -0.0008
siteforest -0.1041 0.6371 -1.3528 1.1445
golf*cond 0.0000 0.0039 -0.0075 0.0076
golf*fledgedate 0.0008 0.0044 -0.0078 0.0095
golf*siteforest -0.0001 0.0010 -0.0020 0.0017
cond*siteforest -0.0001 0.0099 -0.0194 0.0193
fledgedate*siteforest 0.0010 0.0085 -0.0155 0.0176
cond*fledgedate -0.0001 0.0768 -0.0020 0.1503
siteforestgolf fledgedateconditionyear
1.5
0.5
-0.5
-1.5
Figure 39. Model-averaged beta estimates of five main covariates for 40-
day analysis. Error bars show 95% confidence interval. Confidence 
intervals for fledgedate do not overlap zero.
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6.2 Model Comparison Results, to 10 days postfledging
When the Cox proportional hazards model was used to look at survival to 10 
days postfledging, I found a different ranking of top models. Table 7 shows the 
candidate models for survival analysis to 10-days postfledging. Recall that the variable 
boxforest is the percent forest cover in a 25-m buffer around the nest box. When an 
AICc model selection framework was used, the top-ranked model included year, fledging 
date, forest cover around the box, and a fledgedate-by-boxforest interaction (Table 7). 
All o f the top-ranked models included fledgedate (similar to survival to 40 days 
postfledging), but the first- and second-ranked models (which, respectively accounted 
for 42% and 26% of the model variation) also included boxforest as a predictor.
Because the top-ranked models again accounted for less than half of the 
variation, I chose to use a model averaging approach as well (Table 8). While the 
confidence intervals all overlapped zero, the beta estimates for some covariates did so 
only marginally and so are possibly im portant predictors of 10-day survival.
Beta estimate directions
Beta estimates for each covariate are shown in Figure 40. Fledging date caused a 
2.9% decrease in the hazard of death (95%CI: -0.0639—0.0051). The result for covariate 
boxforest indicates that a 1% increase in the amount of forest cover predicted a 2.9% 
decrease in the hazard of death (95%CI: -0.0868—0.0287). Year had a less significant 
effect than in the 40-day analysis, with a 25% increase in hazard of death in 2009
compared to 2008 (95%CI: -0.5413-1.0332).
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Table 7. AICc ranking of models for survival to 10 days postfledging. K is the number of 
parameters in the model (including intercept). AAICc is the scaled AICC/ with the AICc of 
the top ranked model = 273.484. 1/1//is the Akaike weight for the model.
M odel K AAICc Wj
year + fledgedate + boxforest + fledgedate*boxforest 5 0 0.4228
year + fledgedate + boxforest 4 0.96 0.2621
year + fledgedate 3 2.69 0.1099
year + golf +fledgedate 4 4.05 0.0557
year + cond + fledgedate 4 4.37 0.0476
year + golf + fledgedate + golf*fledgedate 5 6.06 0.0205
year + cond + fledgedate + cond*fledgedate 5 6.47 0.0166
year + golf + boxforest 4 6.81 0.0141
year + boxforest 3 6.89 0.0135
year + cond + boxforest 4 7.75 0.0088
Year 2 7.93 0.0080
year + golf 3 8.94 0.0048
year + golf + boxforest + golf* boxforest 5 8.94 0.0048
year + cond 3 9.20 0.0043
year + cond + boxforest + cond*boxforest 5 9.62 0.0034
year + golf + cond 4 10.54 0.0022
year + golf + cond + golf*cond 5 12.68 0.0007
Table 8. Model-averaged beta estimates for 10-day survival. Covariates shown in bold 
show trends toward influencing survival.
Covariate
Model-averaged 
beta estimate
Model-averaged 
standard error
lower 
95% Cl
upper 
95% Cl
year 0.2509 0.3991 -0.5313 1.0332
golf 0.0472 0.2507 -0.4442 0.5386
cond 0.0052 0.0512 -0.0952 0.1057
fledgedate -0.0294 0.0176 -0.0639 0.0051
boxforest -0.0291 0.0295 -0.0868 0.0287
golf*cond 0.0000 0.0062 -0.0121 0.0121
golf*fledgedate -0.0001 0.0027 -0.0054 0.0052
golf*boxforest -0.000001 0.0013 -0.0025 0.0025
cond*fledgedate 0.000015 0.0006 -0.0012 0.0013
cond*forest 0.000010 0.0004 -0.0007 0.0007
fledgedate* boxforest 0.0003 0.0004 -0.0005 0.0011
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Figure 40. Model-averaged beta estimates of five main covariates for 10-day analysis. 
Error bars show 95% confidence interval. Confidence intervals for fledgedate do not 
overlap zero.
7.0 Hawk Predation Vegetation Analysis
Because of the high number of hawk predation events during the early fledgling 
period (Fig. 8), an analysis was completed to determine if forest cover directly around 
the nest box, which might directly influence hawk hunting behavior or fledgling 
vulnerability to aerial predators, predicted early mortality attributed to hawks. The 
percent forest cover in a 25-m buffer around nests of fledglings predated by hawks 
before they were 10 days old was significantly lower (27.8%) than paired boxes where 
the fledgling survived for 20 days or more after fledging (43.8%) (Paired samples t-test, 
t=3.105, p=0.006; Fig. 41).
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Paired samples t-test (t= 3.105, p=0.006)
r t =21n=21
1 ---------  r
Alive at 20 days postfledging Predated by hawk before 10 days postfledging
Error bars *  standard error of the mean
Figure 41. Forest cover in 25m around the nest boxes, comparing nests 
producing fledglings that were eaten by hawks to paired, unpredated 
nest boxes.
8.0 Movement Analysis
When average distance moved per 5-day time period was compared between 
golf course and reference sites, there was little  difference between the two habitat 
types (Fig. 42). Birds on reference sites appeared to move further than golf course birds, 
but this trend was not significant. Distance moved was also not related to date (Fig. 43). 
There was also no difference in movement patterns between male and female fledglings
(Fig. 44).
Because there is literature suggesting that both early fledglings and males move
further than late and female fledglings, respectively, I decided to also consider the single
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largest displacement from the nest recorded by each fledgling that survived to 40 days 
postfledging. As with average distance, here was no difference between maximum 
movement distance of golf versus reference site birds (Fig. 45), early versus late clutches 
(Fig. 46) or male versus female (Fig. 47).
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Figure 42. Distances fledglings moved away from their nest box based on 
age postfledging, comparing between golf and reference birds.
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Figure 43. Distances fledglings moved away from their nest box based on age 
postfledging, comparing birds from early versus late clutches.
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Figure 44. Distances fledglings moved away from their nest box based on age 
postfledging, comparing sexes.
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Figure 45. Maximum distance moved for fledglings who survived to 40 days 
postfledging, comparing golf course and reference sites.
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Figure 46. Maximum distance moved for fledglings who survived to 40 days 
postfledging, comparing birds that fledged early and late in the season.
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Figure 47. Maximum distance moved for fledglings who survived to 40 days 
postfledging, comparing between sexes.
9.0 Home Range Size
GPS locations were also analyzed in terms of home range size by calculating 
minimum convex polygons for each fledgling's detection points to 40 days postfledging. 
This metric gives an estimate of the amount of space that each bird was using. Home 
range size varied considerably between fledglings, w ith a minimum home range size of 
0.293 ha and a maximum of 51.3 ha. The average home range size was 5.85 ha.
Fledglings on reference sites averaged larger home range sizes, but not significantly so 
(Independent samples t-test, t=1.541, p=0.127, Fig. 48). This could have been driven by 
a few reference sites (YRSP, NQPK) with birds that moved much more than birds at 
other sites (Fig. 49). There does not appear to have been any difference in home range 
size between males and females (Fig. 50) or due to time in the season (Fig. 51).
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Figure 48. Home range size of fledglings that survived to 40-days postfledging, 
comparing golf course and reference habitats (Independent samples t-test, t=- 
1.541, p=0.127). Home range size was calculated by creating a minimum convex 
polygon around each all locations taken before 40 days.
Error bars «* standard error of the mean
m 10
■
NNGC WBCC CANS’ NNPK NQPK
Coif courses Reference sites
Figure 49. Home range size (minimum convex polygon) of fledglings that survived 
to 40-days postfledging, comparing sites.
86
Error bars *  standard error of the mean
n =  4 6n=36
Female Male
Sex
Figure 50. Home range size of fledglings that survived to 40-days postfledging, 
comparing the sexes (Independent samples t-test, t=0.911, p=0.354).
Error bars = standard error of the mean
n=42n = 4 1
EARLY LATE
Time in season
Fig 51. Home range size of fledglings that survived to 40-days postfledging, 
comparing birds that fledged early in the season and those that fledged late in 
the season (Independent samples t-test, t=-1.164, p=0.248).
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DISCUSSION 
1.0 Distances Traveled
The distance a fledgling moved varied depending on age (Fig. 5). Typically, birds 
moved further from their home nest box as they got older. Some birds moved great 
distances w ithin 40 days (>2000m)/ while others were never detected outside of the 
area around their nest box (<200m). Because 95% of all fledgling movements before 40 
days postfledging fell within 302m of the nest box (Fig 6), I used this number as the 
diameter of the “ territory-level" circle used for quantifying vegetation and other 
conditions.
2.0 Causes of Mortality
M ortality occurred in 57 out of 156 birds that I tracked (Fig. 7). Documenting 
causes of mortality is a benefit of telemetry studies over more traditional resighting 
studies, which can make no firm  conclusion about cause of death (Krementz et al. 1989; 
Sullivan 1989). Fledgling mortality was generally caused by predation (40 out o f 57 
documented mortality events), with the remaining m ortality attributed to 
starvation/disease or window strikes.
2.1 Hawk Predation
Hawks were the major predator (Fig. 7), as found in other studies of postfledging
survival (Anders et al. 1997; Naef-Daenzer et al. 2001; Yackel-Adams et al. 2001; Cohen
and Lindell 2004; W hittaker and Marzluff 2009). Hawk predation occurred less
frequently as fledglings aged (Fig. 8), probably because bluebirds fledge while still weak
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flyers. They are most vulnerable to predators in the time before they have mastered 
flight.
Species o f raptors likely responsible fo r  predation
The most common raptors observed at the study sites included Cooper's hawks 
[Accipiter cooperii), red-shouldered hawks (Buteo lineatus) and red-tailed hawks (Buteo 
jamaicensis). Generally, accipiters are considered primarily avian predators, while the 
buteo hawks prey on mammals more often than birds (Curtis et al. 2006; Dykstra et al. 
2008; Preston and Beane 2009). Cooper's hawks were seen chasing songbirds at our 
sites and I believe were the species responsible for most of the fledgling predation. 
However, I also know, anecdotally, of a juvenile red-shouldered hawk that hunted for 
birds along a mist net lane at one of the sites (CAMP), so other species of raptor cannot 
be ruled out. Great-horned owls (Bubo virginianus) and barred owls (Strix varia) were 
also present at some sites and these owls have been documented to occasionally prey 
on birds (Houston et al. 1998; Mazur and James 2000). However, the owls' primarily 
nocturnal hunting habits, combined w ith the fact that no transmitters were recovered in 
owl pellets or near owl nests, indicates that owls were not predators of bluebird 
fledglings.
2.2 Snake Predation
Snake predation was documented six times, on fledglings of different ages and at
different times of the season (Figs. 7 and 8). However, snake predation generally
occurred to fledglings that either had fledged in heavily forested areas or had moved to
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forested areas (personal observation). There were two species of snake that predated 
fledglings: black rat snakes (Elaphe obsoleta) and black racers {Coluber constrictor), both 
commonly found in forests in Virginia (Pinder and Mitchell 2007).
2.3 Mammal Predation
I recovered one transm itter with evidence of mammal predation (full wings and 
rump were intact), though scavenging after the bird was already dead of other causes is 
also a possibility (Fig. 7). Despite the urbanized nature of my study sites, I did not find 
any instances of domestic cat predation (which generally eat only pieces of the bird), 
though cat predation has had major impacts on postfledgling survival in other urbanized 
areas (Marra and Balogh 2009). This is somewhat surprising given how close many of 
the sites are to residential neighborhoods. Perhaps the sites are far enough away from 
homes that fledglings do not encounter cats until they have dispersed, and are 
therefore older and more proficient at flying.
2.4 W indow Strikes
Once in each field season, I found a radio-tracked fledgling dead but intact 
beneath a window and assigned window strike, a distinctly urban problem, as the cause 
of death (Fig. 7). Though a small number (2/156), if my sample is representative, it 
means that potentially 1-2% of all bluebird fledglings in this population could suffer 
mortality due to window strikes w ithin their first 2-3 months of life.
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2.5 Starvation/Disease
The second leading cause of mortality could be attributed to starvation or 
disease, as bodies of the fledglings in this group were recovered intact with no signs of 
predation (Fig. 7). Sullivan (1989) documented starvation as the main cause of death in 
newly independent fledglings, and like that study, the starvation events that I recorded 
occurred at times fledglings were gaining independence (Fig. 8). Visual inspection of the 
recovered bodies usually indicated that the fledglings were very lean (zero furcular 
deposits) but no further tests were run to determine cause of death. Fledglings died of 
this cause slightly more often on reference sites than golf (Ref: 9; Golf: 6), indicating 
that fledglings do not suffer increased starvation due to pesticide-induced prey 
reduction on golf courses.
Possible pesticide exposure
In 2008, I observed one of the tracked fledglings unable to fly and stumbling in 
an irrigation ditch on a golf course site. The bird quickly became unable to stand and 
died soon after. This female fledgling weighed 24.6 grams, which was both lower than 
its prefledging mass (27.7g) and lower than adult averages (29-32g fo r females). With no 
signs of predation, and the golf course location, I considered pesticide intoxication as a 
likely cause of death. The body was sent away for pesticide analysis, but no evidence of 
pesticides was found (Burdge 2008a). The fledgling was then grouped into the category 
of starvation/disease.
91
3.0 Kaplan-Meier Survival Estimation
Using a Kaplan-Meier survival estimation, 65.4% of fledglings survived to 40 days 
postfledging (Fig. 9). This is comparable to what has been found for similar passerines, 
such as the western bluebird (64% to 20 days; Wightman 2009), white-throated thrush 
(67% to 21 days postfledging; Cohen and Lindell 2005) and eastern meadowlark (56-69% 
to 90 days postfledging; Kershner et al. 2004). This survival estimate, however, is lower 
than for passerines in one predominately urban setting (song sparrow: 91% to 28 days; 
Swainson's thrush 90% to 28 days; spotted towhee: 75% to 56 days; W hittaker and 
Marzluff 2009) and higher than for some grassland bird species (dickcissel 33% to 21 
days; Berkeley et al. 2007; lark bunting 27.6-36%; Yackel Adams et al. 2006).
Kaplan-Meier analysis allows for comparison between any two groups, and was 
used primarily to compare to golf course to reference sites in each year (Fig. 10 and Fig. 
11). When the two years of the study are combined, there was no difference between 
survival on golf course and reference sites (Fig. 12). In 2008, there appeared to be a 
trend fo r higher m ortality on golf courses in the early fledgling period (before 10 days 
postfledging) (Fig. 13), however this trend was not evident in 2009 (Fig. 14). This 
difference may be a sampling artifact because of the smaller sample size in 2008 or may 
be a true difference driven by variable environmental conditions in the two years. There 
appeared to be greater m ortality in 2009 compared to 2008 (Fig. 16). Yearly variation 
has been found in other studies of fledgling survival, and could potentially be caused by
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insect abundance and extreme weather (Monros et al. 2002). Weather differences 
between 2008 and 2009 in Williamsburg will be considered later in the discussion.
3.1 Sources of Error: Lost Birds
Over the course of the study, there were instances when transm itter signals 
were lost before the battery should have died but w ithout any definitive evidence of 
predation. For the initial analyses, these cases were censored at their last known age, 
instead of inferring mortality (Fig. 17). In one case, a fledgling's signal was lost 
approximately 10 days postfledging and the fledgling was resighted—alive and wearing 
its transm itter—at 16 days postfledging. The transm itter had obviously become non­
functional so censoring the fledgling at its last known age was the correct choice. The 
fact that this fledgling was young—and therefore hadn't moved far from its natal 
location—aided in re-discovery w ithout an active transm itter signal. Older birds were 
more difficult to resight w ithout transm itter signals and, while I searched visually fo r all 
lost birds at their last known location, I did not resight any other fledglings w ith non­
functional transmitters.
It is possible that the other lost fledglings were predation events where either
the transm itter was destroyed or carried far out of range by the predator. My tracking
protocol to expand the search area by car in increasing concentric circles reduced the
likelihood of the latter, but I was unable to rectify the former problem. Therefore, I
reanalyzed the data to determine if differences in survival between reference and golf
course sites emerged if I reassigned the censored fledglings as deaths, but this analysis
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produced similar trends to the analysis in which the birds were censored (Fig. 18). 
Though the trends did not change, considering these "lost" fledglings as mortalities 
changed the overall survival from approximately 65% (Fig. 11) to approximately 55%
(Fig. 18).
3.2 Paradigm shift from dichotomous "golf versus reference" analysis to an 
information theoretic approach
Using the simple Kaplan-Meier estimator to test for differences between golf
and reference sites probably oversimplifies the results. Reference sites were chosen to
be physically similar to golf courses but w ithout pesticide use, meaning that the
dichotomy between golf and reference is related solely to pesticide applications. Golf
courses, like reference habitats, vary widely in many other variables such as human
disturbance, vegetation structure and abundance of predators. Thus, failing to find a
difference between the two habitats indicates that insecticides did not affect the
fledglings enough to detect differences on top o f the effects of other environmental and
habitat variables. Using a Kaplan-Meier survival estimation forces survival comparisons
to be made between two groups alone, when, realistically, survival is shaped by factors
that varied w ithin as well as between groups. Though this study was planned to
compare between golf course and reference sites, I decided to use an information
theoretic approach so that habitat type (golf versus reference sites) would be just one of
several variables potentially explaining fledgling mortality. Golf versus reference
remained as a variable in these models, but was not the only variable of interest; I also
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included other environmental (forest cover), biological (body condition), and temporal 
(year and fledge date) variables. I used the Cox proportional hazards model, as it 
predicts the degree of effect of each variable on the instantaneous hazard of death.
4.0 Cox Model Covariate: Size-Corrected Prefledging Mass
I included size-corrected prefledging mass as a covariate in the Cox models to 
account for body condition but, before I detail the outcome of the Cox proportional 
hazards model, body condition alone deserves extra discussion. Spurious results can 
potentially be generated by using the incorrect body condition metric (Green 2001). 
Because I measured nestlings at a time when the growth curve for eastern bluebirds had 
leveled o ff (day 13—16, Fig. 23), I used the residual of mass on wing chord to calculate 
an index of size-corrected mass. I chose this index of body condition because it has been 
widely used in ornithological literature and it is easily comparable to other studies on 
eastern bluebirds (LeClerc et al. 2005; Stanback and Seifert 2005). Critics argue that the 
assumption of a linear relationship between mass and wing, though widely used in 
ornithological literature, is often violated and may not offer insight into body condition 
(Green 2001). However, because the nestlings were measured at similar ages, when the 
growth curve has leveled off, I believe that this is the best index of body condition for 
my study.
In both years, golf course nestlings had larger body condition residuals than
reference birds, i.e. the ir weight was greater than expected based on the relationship
between wing and weight for all birds in the study (Fig. 24). This condition trend is the
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opposite of what other studies have found, both at these and other Williamsburg sites 
in 2007 (Burdge 2008a) and sites in North Carolina (Stanback and Seifert 2005). 
However, this is similar to what was found at some of the same sites in Williamsburg in 
2003 (LeClerc et al. 2005).
Though this metric of body condition may be the best possible for my situation, I 
would also point out that there are some inherent flaws. Nestling mass varies 
significantly for nestlings both between and within days, based on parental feeding rate. 
For instance, mass is often lower early in the morning before being provisioned by their 
parents. Because I performed all the measurements for body condition, there should be 
little  experimenter bias, but this also means that, logistically, all nestlings could not be 
measured at the same time of day.
5.0 Cox Proportional Hazards Models
I used the Cox proportional hazards model so that I could identify which 
covariates—along with the golf course-reference variable—affected survival. The Cox 
model is a semi-parametric model because it does not assume anything about the 
underlying shape of the dependent variable (i.e., the hazard of death), but the 
covariates enter the equation linearly. I also chose to evaluate the relative merits of 
each Cox model in an information theoretic framework, using Akaike's Information 
Criterion corrected for small sample size (AICc).
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5.1 Cox Modeling: 40-day survival
For 40-day survival, the top-ranked model included year and fledge date as the 
best predictors and had a model weight of 0.376 (Table 5). Year was included in every 
candidate model to account for yearly variation, so fledge date was the covariate of 
interest in this model. Fledging date was present in 7 of the 8 top-ranked models (all 
with AAICc scores less than 7), indicating that it was most likely a biologically relevant 
covariate. However, other top-ranked models included covariates such as cond, forest, 
golf, cond*fledgedate, and fledgedate*forest, so there is potentially relevant 
information in other models. In order to take into account the other models, beta values 
for each parameter were averaged across all models (Table 6).
Survival effect: fledging date
After model averaging, fledging date came out again as a strong predictor of 
survival (95% confidence interval does not cross zero). Based on the model-averaged 
beta estimates and standard error estimates, every one day increase in fledging date 
was associated with a 1.7% reduction in the hazard of death (95%CI: 3.3% to 0.8%).
Though uncommon, an increase in postfledging survival later in the season has 
been documented at least once before; great tits (Parus major) showed year-to-year 
variation in whether it was beneficial to fledge early or late in the season (Monros et al. 
2002). More commonly, studies document no seasonal differences in survival (Anders et 
al. 1997) or a decrease in fledgling survival later in the season (Harris et al. 1994;
Verboven and Visser 1998; Naef-Daenzer et al. 2001).
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The seasonality of predation may have been linked to the behavior of the 
predators. Hawk predation mortality occurred more often early in the season (Fig. 52). 
Cooper's hawks initiate clutches usually between early and late April, and have a 30-36 
day incubation period followed by a 30-34 day nestling period (Curtis et al. 2006). Their 
nestling period would fall sometime between May 1 and July 1. Thus, Cooper's hawks 
provision their growing young at the time when I found high hawk predation of bluebird 
fledglings. Though this study does not answer whether Cooper's hawks are actually 
provisioning their young with bluebird fledglings, it makes sense that fledglings would 
be quick and easy sources of prey.
15 0
>.ueu
3
or<y
5.0
Figure 52. Cause of mortality based on date of m ortality event showing 
seasonal differences in hawk predation. More hawk predation events 
occurred earlier in the season than late in the season.
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There was also evidence for smaller clutch size in eastern bluebirds later in the 
season (Fig. 53). The reason more fledglings survived could have been related to the fact 
that the parents diluted the ir parental effort less with smaller clutches. Though adults 
laid fewer eggs in later clutches, if a higher proportion of nestlings survive the 
postfledging period, early and late clutches could potentially have equal recruitment to 
the next breeding season. Another double-brooded passerine, the barn swallow 
(Hirundo rustica), demonstrated shorter parental care for first clutch fledglings than for 
second clutches (Gruebler and Naef-Daenzer 2008). However, in the present study there 
was no difference in survival between small broods (1-3 chicks) and large broods (4-5 
chicks), so I concluded that the seasonal difference is most likely not driven by clutch 
size (Fig. 54).
Brood size o f tracked nests early in season versus late in season
Independent samples t-test t= 2 .9 69 , p~0 .003
Error bars are 9596 confidence interval
EARLY LATE
TIME IN SEASON (before mean fledge date)
Figure 53. Brood size (number of nestlings that survive to fledge) for radio­
tracked fledglings in 2008 and 2009, comparing between early and late 
clutches.
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Figure 54. Kaplan-Meier survival estimation to 40 days postfledging, 
comparing between small broods (1-3 chicks) and large broods (4-5 chicks).
Survival effect: yearly variation
Year was included in every model to account for year-to-year variation. Model-
averaged parameter estimates for 40-day survival indicate that year affected survival,
w ith a non-significant trend for birds that fledged in 2009 to have a 45% increase in the
hazard of death (Table 6). This could be caused by environmental differences between
the two years. The year 2008 had a hotter summer than 2009, with the mean high
temperature in June and July exceeding those in 2009 (Fig. 55). Also, 2008 had more
days above 30 degrees Celsius (about 86 degrees Fahrenheit) than 2009 (Fig. 56). This
could mean that fledglings were not hurt by high temperatures, or perhaps even benefit
from  them. More importantly, 2009 was a much wetter summer, w ith cumulative
monthly rainfall exceeding the totals from 2008 in May, June, July and August (Fig. 57).
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This could potentially be a cause of the increased mortality in 2009, as birds, especially 
perch and dive hunters like bluebirds, cannot hunt in rainy weather. Rain could 
potentially impact the fledgling's ability to thermoregulate efficiently, making them 
more likely to be predated. The combination of low foraging ability and lowered body 
temperature could have increased mortality and driven the differences between 2008 
and 2009.
YEAR
■  2008 
□  2009
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MONTH
Fig 55. Average monthly high temperatures for Williamsburg, Virginia. Data 
supplied by the Keck Environmental Lab Weather Station.
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Figure 56. Number of days where the temperature exceeded 30 degrees 
Celsius each month in Williamsburg, Virginia. Data supplied by the Keck 
Environmental Lab Weather Station.
YEAR
■  2008 
□  2009
Figure 57. Total precipitation in each month for Williamsburg, Virginia. Data 
supplied by the Keck Environmental Lab Weather Station.
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No survival effect: size-corrected prefledging mass (cond)
The Cox model does not indicate that size-corrected prefledging mass predicted 
survival in fledgling eastern bluebirds. Other post-fledging survival studies have shown a 
similar lack of correlation between body condition and postfledging survival (Anders et 
al. 1997; Berkeley et al. 2007). Though the common assumption is that heavier nestlings 
survive better (Krementz et al. 1989; Yackel-Adams et al. 2006), in the presence of hawk 
predation, stabilizing selection for fledging mass may occur (i.e. selection for 
intermediate mass) because a heavier mass may make it harder for birds to maneuver 
and escape from predators (Adriaensen et al. 1998). Because I don 't know if fledgling 
mass differences were due to fat deposits (as in Adriaensen et al. 1998) or due to 
increased muscle mass, my findings may not be comparable. However, hawk predation 
appears to be a major selection pressure for these birds, and it seems plausible that 
moderate body masses may be selected for, causing a non-linear relationship between 
size-corrected mass and survival.
No survival effect: forest cover a t territory-level (siteforest)
The Cox model found little  evidence of a relationship between forest cover at
the spatial scale of territo ry and survival to 40 days postfledging. Forest cover was used
as a proxy for the amount of development in the area that the birds inhabited (as
anything that is not forest is most likely developed in some way). However, this does not
seem to affect survival in eastern bluebirds. This may have been due to a paucity of sites
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with either low or high forest cover for the analysis (i.e. lack of variation in this factor). A 
higher number of boxes had forest cover between 33-67%, and relatively few had forest 
cover at the higher or lower ends of the scale (Fig. 58).
Figure 58. Variation in home range-level forest cover around all boxes sampled. 
The majority of boxes fall in the middle (33%-67%), with relatively few in the 
higher and lower ends.
No survival effect: habitat type (golf or reference)
The model-averaged parameter estimates for the Cox model did not predict
differences in survival based on whether the fledgling was hatched on a golf course or a
reference site (Table 6). However, many fledglings left their natal habitat before the end
of the 40-day observation period, leaving behind the golf course pesticides and
somewhat diluting the effect of golf courses and reference site attributes for older
fledglings.
lower third middle third upper third
percent forest in 302 m buffer
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5.2 Cox Modeling: 10-day survival
The Cox proportional hazards model was also used to look at 10-day survival. At 
younger ages, fledglings largely remained near their natal site and so this would be the 
time where they would be subjected to problems associated w ith the golf course 
habitat, such as pesticides. This time period also contained the largest sample size 
w ithout a lost bird, indicating that any results here were the least biased. The 10-day 
survival data was analyzed using a similar set of models to 40-day survival, but including 
a variable called "boxforest" that accounted for the percent forest cover around the 
nest box, instead of at the site level (Table 3).
Using these candidate models, a slightly different trend appeared than in the 
analysis of 40-day survival (Table 7). The top-ranked model included year, fledgedate, 
boxforest and fledgedate*boxforest. Fledgedate and boxforest appear in other top- 
ranked models, indicating that they both may influence survival. The model averaged 
parameter estimates for this analysis revealed several covariates that can be interpreted 
as moderately important to survival. Year, fledgedate and boxforest all have confidence 
intervals that do not strongly overlap zero (Table 8). In essence, this means that 
although they are not statistically significant, they were still possibly biologically 
relevant to 10-day survival.
Survival effect: fledging date
As in the 40-day analysis, fledging date appears as an important predictor of
survival to 10 days after fledging. Based on model-average parameter estimates, a one-
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day increase in fledging date is associated w ith a 2.9% decrease in the hazard of death 
(95% Cl: -0.0639—0.0057). This again seems linked intrinsically to hawk predation, as 
the majority of deaths before 10 days postfledging were attributed to hawks, and these 
also dropped off later in the season (Fig. 59).
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Figure 59. Number of mortalities before 10 days postfledging, based on fledging 
date. The majority of these early mortalities occurred in the beginning of the 
season.
Survival effect: forest cover a t the nest box-level (boxforest)
The amount of forest cover around the nest box also had a moderate effect on
survival to 10 days postfledging (Table 8). For each 1% increase in forest cover around
the nest box, there is a 2.9% decrease in the hazard of death (95% Cl: -0.0868—0.0287).
This was regardless of whether the bird hatched on a golf course or a reference site.
Perhaps this result reflects the need for young fledglings to find cover soon after leaving
the nest. Bluebirds initially fly to the ground from their nest box and hop ineffectively to
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the nearest bush or tree to wait for their parents to feed them (personal observation). 
Increased forest cover around the nest box would provide more options for places to 
hide from predators during this most vulnerable period.
This conclusion is also supported by the post-hoc hawk predation analysis of 
forest cover around paired nest boxes (Fig. 41). Boxes where a fledgling was predated by 
a hawk before 10 days postfledging had significantly less forest cover than a paired box 
where a bird lived past 20 days postfledging. Taken together, these findings support the 
findings of other postfledging survival studies that habitat can be an important 
determinant o f survival for young birds (Berkeley 2007).
Survival effect: yearly variation
Survival to 10 days postfledging is also moderately affected by yearly variations, 
w ith 2009 having a 25% higher hazard of death than 2008; however this effect is not 
necessarily biologically important, as the confidence interval for the year effect of 10- 
day survival overlaps zero considerably (95%CI: -0.5313—1.0332). The weather in 2009 
was both cooler and wetter than 2008, with more rain potentially driving the differences 
between the years (Fig 57).
No survival effect: size-corrected pre-fledging mass (cond)
Body condition was not shown to affect survival to 10 days postfledging, despite
the fact that birds must use a large amount of energy in those early days to avoid
predators and build up flight muscles, and that this initial period ended closer in time to
when body condition measurements were taken. It is possible that the lack of effect is
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the result of poor correspondence between my condition measure and actual health, 
vigor and long-term growth trajectories of fledglings.
No survival effect: habitat type (golf or reference)
Though fledglings are generally constrained to their natal habitat during the 10- 
day postfledging period, the Cox model still did not predict an association between 
survival and habitat type (golf versus reference). As already discussed, the golf course 
versus reference dichotomy is based primarily on pesticide use. Based on my data, the 
pesticides sprayed on Williamsburg golf courses do not appear to affect the survival of 
fledgling bluebirds. Earlier work on my study sites documented little  exposure of 
pesticides early in the season, indicating that most fledglings are not likely to experience 
pesticide exposure until as late as August or September, when most have left the golf 
courses (Burge 2008a).
The golf course habitat at certain sites, however, could potentially be hazardous
to grow up in. Because reduced forest cover (boxforest) was associated with increased
mortality, and less forest cover was available on golf courses (Fig. 35), it is likely that
nest boxes on golf courses will be placed in areas with decreased forest cover and
therefore suffer higher mortality. Though I found no difference in the habitat-type
covariate, this may have been caused by my selection of study sites along an urban
gradient. The structural differences between the most naturalistic golf course (NNGC)
and the most urbanized reference site (CAMP) is very little, meaning that golf courses
were no worse for bluebirds than more developed reference sites. This does not mean
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that the golf courses are as safe as natural environments, but instead are just as safe as 
similarly developed habitats.
6.0 Home Range
The home range of bluebird fledglings was estimated using a minimum convex 
polygon around all of the resighting locations for the fledglings. Though no statistical 
differences were found between golf course and reference birds, there was a trend for 
larger home ranges in reference birds compared to golf course residents (Fig. 48). I also 
compared the home range size between sites and, though the sample size for each site 
was low, there was variation between sites (Fig. 49). The more natural/forested 
reference sites (YRSP, NQPK) had the largest home ranges while the more urbanized 
sites, both a golf course (WBCC) and a reference site (CAMP) had the smallest home 
ranges. This correlation between forest cover and home range size is illustrated in Fig. 
60. This relationship could be caused by two different factors. (1) Considering that highly 
forested areas have less bluebird habitat, this may cause increased dispersal 
requirements to locate suitable habitat. (2) Conversely, urbanized areas may not have 
enough attractive surrounding habitat for the birds to disperse into and so the fledglings 
are confined to the area near the ir nest box.
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Figure 60. Association between average forest cover at the site and average 
home range at the site. Sites in red are golf courses while sites in blue are 
reference sites.
Home range size is variable in many species o f passerine, and recent fledgling 
research has shown that fledglings often disperse to habitat types that are dissimilar to 
adult nesting habitat (Anders et al. 1998). This does not seem to be the case with 
eastern bluebirds, as birds that dispersed generally moved to more edge habitat.
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7.0 Conclusions
•  Eastern bluebird fledglings on all sites suffered more mortality due to hawk 
predation than other causes. Though cats are often thought to be major 
predators in urban settings, I documented no cat predation. It appeared that 
there was little  difference in causes of death between more urbanized and more 
natural sites.
•  There was no difference in survival between birds hatched on golf courses and
reference sites, when compared by a simple Kaplan-Meier survival estimation.
The Kaplan-Meier estimation, though widely used, is not necessarily the most 
relevant or most interesting way to consider survival. I also considered 
postfledging survival based on a suite of variables, using the Cox proportional 
hazards model and an information theoretic approach.
•  The Cox model indicated that fledging date is the best predictor of survival to 40 
days postfledging, w ith birds that fledged later in the season having higher 
survival. This may have been due to lower hawk predation later in the season, 
when hawks were no longer provisioning their young.
•  Cox models of 10-day survivorship predicted that fledging date and forest cover
around the nest box were likely associated with survival. Increasing both fledging 
date (i.e. nesting later) and increasing forest cover around the nest box increased 
postfledging survival.
I l l
•  High forest cover was associated w ith survival. In a post-hoc analysis, territories 
where birds were predated by hawks before 10 days postfledging contained less 
forest cover around the nest box compared to paired territories where fledglings 
had survived to 20 days.
•  Though the golf course versus reference dichotomy was included in the model 
set, fledging on golf courses did not increase the hazard of death. However, 
because decreased forest cover is associated with increased mortality and golf 
courses are usually manicured to reduce the forest cover, certain areas in the 
golf course environment are still potentially unfavorable for young birds. The 
same is true, however, for fledglings in highly manicured parks and other non­
golf course sites.
8.0 Management implications
A relationship between fledgling survival and the habitat around the nest box
has not been documented for a species which nests in artificial nest cavities. Though
people commonly place boxes and successfully attract bluebirds to nest in areas where
they would not naturally find a nesting cavity (i.e. in a field with no trees), my results
indicate that bluebirds may suffer from decreased fledgling survival if they nest in these
manicured habitats. Bluebirds may be adapted to select nesting locations based solely
on the presence of a nesting cavity and nearby grassy areas in which to forage.
Historically, this would have placed bluebird nests at forest clearings and edges, where
they could find a dead tree and suitable open hunting grounds. The adjacent forest
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would also provide their fledglings with cover once they fledged. As humans modified 
habitat, we created more grassy areas for bluebirds, and, by adding nest boxes, were 
able to attract bluebirds to areas that do not provide adequate cover for their fledglings, 
potentially decreasing survival.
Are golf courses good for fledglings?
Though my analyses consistently did not find effects on survival from the golf 
course environment, these negative findings should be discussed in terms of what this 
means fo r golf course management and design. First, it is important to recall that I used 
only three golf course sites, all in the Williamsburg, Virginia area, and this may not be 
representative of what fledglings might experience on other golf courses or in different 
regions of North America. Though I selected golf courses that varied in design and 
"naturalness", these are still only representative of the habitat types found in 
southeastern Virginia. It, therefore, seems possible that golf courses in other areas of 
the country may have negative effects on bird populations, especially if they use 
pesticides earlier in the season and more intensively than occurred at my sites. Because 
I found that low forest cover around the nest box predicts higher mortality, and golf 
courses are generally more manicured than reference sites, it is possible that golf 
courses contain more nest boxes in sub-optimal locations. Because of the extensive 
edge habitat, bluebirds will pack densely into the golf course environment, but not 
necessarily all have ideal nest box locations.
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9.0 Future directions
Because I have shown that fledging survival is influenced by microhabitat-level 
effects, future work should continue look at survival on a smaller scale within the golf 
course sites. Golf courses are an inevitable addition to the urban landscape, but there is 
more to learn about how microhabitat differences w ithin golf courses affect survival.
To understand how the golf course environment is affecting all species, a 
comprehensive study of nest and fledgling survival on golf courses is needed for species 
other than the edge-specializing eastern bluebird. Though bluebirds readily nest in the 
golf course environment, they do not fully represent the requirements of many other 
declining bird species that are losing habitat due to urbanization. When we consider the 
natural habitat that many golf courses are replacing, it is important to consider if all the 
birds that once nested in that habitat can now find suitable nesting locations.
114
APPENDIX A
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Figure A -l. Kiskiack Golf Course (KISK). Boxes in pink contained at least 
one nest that was tracked in either 2008 or 2009. Boxes in green were 
never tracked.
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Figure A-2. Newport News Golf Course (NNGC). Boxes in pink contained 
at least one nest that was tracked in either 2008 or 2009. Boxes in green 
were never tracked.
- * '4 ;
—ryy-"-
Figure A-3. Williamsburg Country Club (WBCC). Boxes in pink contained at 
least one nest that was tracked in either 2008 or 2009. Boxes in green 
were never tracked.
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Figure A-4. College of William and Mary Campus (CAMP). Boxes in pink 
contained at least one nest that was tracked in either 2008 or 2009. 
Boxes in green were never tracked.
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Figure A-5. Newport News Park (NNPK). Boxes in pink contained at least 
one nest that was tracked in either 2008 or 2009. Boxes in green were 
never tracked.
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Figure A-6. New Quarter Park (NQPK). Boxes in pink contained at least 
one nest that was tracked in either 2008 or 2009. Boxes in green were 
never tracked.
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Figure A-7. York River State Park (YRSP). Boxes in pink contained at least 
one nest that was tracked in either 2008 or 2009. Boxes in green were 
never tracked.
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APPENDIX B
Equation B-l. Cox proportional hazards formula.
hl(t)=h0(t)exp(/31zn + p2X<k + -  + PkXjk)
hi(t) = instantaneous hazard o f death 
h0(t) = baseline hazard o f death 
p  = parameter estimate fo r  each covariate
Equation B-2. Akaike's Information Criterion, corrected for small sample sizes
AICc= -2ln(L) +2k + 2(k(k+l)
________________________ (n-k-1)
AICc = Akaike's Information Criterion corrected fo r  small sample 
sizes
L = maximized likelihood function fo r  the estimated model 
k = number o f estimable parameters 
n = sample size
Equation B-3. Model-averaged beta estimates.
pa = (w\ * pj) for each model, summed across all models
pa = model-averaged parameter 
Wj = model weight
Pi = parameter estimate fo r  that model
Equation B-4. Model-averaged variance.
vara = w/j*[sej2 + (pa- pi)2], summed across all models
vara = model-averaged variance 
Wi -  weight o f the model 
se, = standard error o f the model 
pa = model-averaged beta estimate 
Pi = beta estimate fo r  individual model
Equation B-5. Model-averaged confidence intervals.
95% Confidence interval = pa ± 1.96*V(vara)
pa= model-averaged beta estimate 
vara= model-averaged variance
122
APPENDIX C
Habitat Types
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Figure C-l. Legend for digitized habitat types.
Figure C-2. Digitized image of Kiskiack Golf Course
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Figure C-3. Digitized image of Newport News Golf Course.
Figure C-4. Digitized image of Williamsburg Country Club.
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Figure C-5.
Figure C-6. Digitized image of Newport News Park (NNPK).
Digitized image of the College o f William and Mary Campus (CAMP).
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Figure C-l. Digitized image of New Quarter Park (NQPK).
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Figure C-8. Digitized image of York River State Park (YRSP).
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